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Abstract
Current limits and potentialities in the fabrication of hydrophobic mi-
crostructured surfaces by means of Digital Light Processing (DLP) additive
manufacturing were investigated in this work. The capabilities of the printer
and the functional eﬀectiveness of the obtainable designs were assessed by
testing diﬀerent pillar-based geometries and analyzing the results in terms
of quality of the printed features and resulting contact angle. Although not
able to fabricate features as small as required for super-hydrophobicity, the
printer proved to be able to achieve microstructure-alone transition from
hydrophilicity to hydrophobicity. The dimensions of the features were ob-
served to vary based on their position on the build area, due to irregular
curing distribution, to the point of being merged or missing depending on
their dimensions. Since the microstructures printed without merged or miss-
ing features displayed generally higher contact angles and better congruence
with the nominal geometries, that dimensional range was used to further
analyze by Design of Experiments the inﬂuence of geometrical parameters of
the pillars (diameter, spacing, height) on the wetting behaviour of the sub-
strate. Spacing and height proved to have the greater eﬀect on the contact
angle, with results suggesting that smaller spacing and bigger heights may
promote higher hydrophobicity. Variations on the pillars' geometry were
tested in terms of shape, distribution and morphology, highlighting an inﬂu-
ence on the wetting behaviour but no higher contact angles were obtained
in the currently achievable dimensions. DLP additive manufacturing, be-
ing simpler and less time-consuming than conventional fabrication methods,
holds potential for further developments in the production of microstruc-
tured surfaces. By applying other strategies, such as implementing diﬀerent
materials, and by advancing the investigation and upgrading the machine to
achieve smaller features, levels of performance suitable for applications may
be reached in the future.
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Chapter 1
Introduction
Outstanding properties, such as super-hydrophobicity, displayed by some
natural surfaces have inspired researchers and industries throughout the
years to study the involved phenomena and develop methods to replicate
those functionalities for applications. While several manufacturing processes
have been adopted for the purpose, most of the conventional ones involve
multiple complex steps and are therefore challenging for mass production due
to the high costs, the long production times, the diﬃculty in the prototyping
phase and the expertise they require [1][2].
Additive manufacturing processes, on the other hand, oﬀer signiﬁcant
versatility, and could potentially enable an easier production of functional
surfaces with decreased costs and number of steps, possibly avoiding the
need for coatings and allowing for customized modiﬁcations of geometries to
ﬁt the desired applications. The use of additive manufacturing in this ﬁeld
is rather new and still not extensively explored [3].
The present thesis will hence investigate the performance of a Digital
Light Processing high resolution printer (212-DLP HD) for the fabrication
of hydrophobic microstructured surfaces, highlighting its current limits and
potentialities.
Speciﬁcally the achievability of microstructure-alone induced transition
from hydrophilicity to hydrophobicity for pillared surfaces will be explored,
the inﬂuence of the geometrical parameters on the wetting behaviour of the
substrate will be investigated and diﬀerent geometrical designs approaches
will be tested in order to assess the current capabilities of the printer for the
fabrication of functional surfaces.
The thesis is articulated in eight chapters, the ﬁrst being this intro-
duction. The second chapter will provide a description of what functional
surfaces are and what properties they can possess; further details will be
provided regarding the biological inspirations, the applications and the man-
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ufacturing methods for non-wetting surfaces, for a general understanding of
the context and the state-of-the-art. The third chapter will ﬁrst present
the background knowledge and models underlying the interpretation of the
wetting behaviour of the surfaces; vat photopolymerization technologies will
be described in terms of principles and available system conﬁgurations. The
fourth chapter will illustrate the method and instruments used for the ex-
perimental activities and for the analysis. The ﬁfth chapter will present
the procedure carried out for the printing of the samples highlighting the
main peculiarities of the process; moreover the obtained results from the
attempts of printing and testing diﬀerently sized geometries and the encoun-
tered main problems and limits will be described. In the sixth chapter the
investigation of the inﬂuence of geometrical parameters on the wettability
of the microstructures by Design of Experiments will be illustrated and the
results from the analysis of the observed contact angles and the quality of the
printing will be commented. The geometrical variations tested for further
comparison and possible identiﬁcation of diﬀerent design approaches will be
presented in the seventh chapter, where considerations on possible develop-
ments for the fabrication of better hydrophobic surfaces will be discussed.
Finally in the eighth chapter all the main results will be summarized and
commented.
2
Chapter 2
Functional and non-wetting
surfaces
2.1 Bio-inspired functional surfaces
Evolution throughout the ages has been leading biological subjects to de-
velop the most eﬃcient solutions to face the challenges provided by the condi-
tions they were exposed to, bringing in particular biological surfaces, being
the active interface between the subjects and the environment, to higher
levels of functionality. The adopted strategies, involving speciﬁc physical
and chemical phenomena, inspired researchers and production industries to
study and possibly implement similar approaches for the manufacturing of
engineered applications and consumer products.
Natural functional surfaces, and their engineered biomimetic analogs,
employ various constructs to deliver their peculiar function, that is deter-
mined by parameters such as texture (arrangement of topographical fea-
tures), length scale (dimensions, spacing, density and aspect ratio of the
features), shapes at multiple scales for hierarchical organizations, chemistry,
sensory systems, and synergistic integrations of these. By means of those
constructs, surfaces can display diﬀerent properties, the main ones being
brieﬂy illustrated in this section, according to the description provided by
Malshe et al. (2013) [4], where further information and examples can be
found.
Super-hydrophobicity
Surfaces having a distribution of micro and nano features over them, if
speciﬁc physical and chemical conditions occur, can display higher contact
angles and reduced sliding angles, so that water droplets over the substrate
appear almost spherical and move freely. Various natural surfaces, as the
3
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ones from the Lotus leaf and the wings of the Morpho aega butterﬂy, show
this property, that has potential for self cleaning, antibiofouling, reduced
drags, antifogging applications. Since exploring the inﬂuence of manufac-
tured microstructures on the wetting behaviour of DLP printed parts is the
main focus of this work, super-hydrophobic surfaces and the wetting phe-
nomenon will be further discussed in this section and the next chapters.
Adhesion
Creatures like insects, spiders and lizards are able to attach to diﬀer-
ent surfaces, supporting several times the weight of their body due to the
anatomy of their legs terminal pads, that are characterized by numerous
micro and/or nano scale hairs packed in a small area, so that the linear di-
mension of contact is increased therefore increasing the adhesion by means
of Van der Waals forces. Dry adhesion gecko tapes and climbing gloves
mimicking this behaviour have being studied and produced.
Antibiofouling
Rough nano-textures enable plants and animals to avoid the adhesion of
micro-organisms to their surfaces by minimizing the available exposed area,
since the created air traps work as a repellent, while promoting drag reduc-
tion and causing an acceleration of the water ﬂow in marine environments,
thus decreasing the contact time and the chances for microbes to attach
and grow. Similarly, feathers of various birds display resistance to bacte-
rial degradation. Antimicrobial aerodynamically eﬃcient fabrics for various
applications, such as swimsuit, were developed.
Optical properties
Colors in nature are generated by diﬀerent means, such as pigmenta-
tion and iridescence due to surface architecture. The multilevel interac-
tion of light with convoluted structures results in bright or changing colors,
and such structures also often display super-hydrophobicity. The wings of
Morpho butterﬂies, the dorsal surface of the Japaneses jewel beetle and the
feathers of peacocks and blue penguins are examples of this properties. Some
applications are anti-glare surfaces for electro -optical devices, textile fabrics
and paints.
Other properties
Nature provides examples of other functionalities achieved by means of
conveniently designed surfaces. Improved hardness and toughness obtained
due to hierarchical structures, as in the case of teeth, inspire designing of
coatings for cutting tools, wear parts and diﬀerent manufacturing operations.
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Photosynthesis can be considered a form energy scavenging, that provides
inspiration for biomimetic solar cells. The ability to sense and respond to
external stimuli is also observed on plants, when the movement of leaves of
features is controlled by bio-active chemical substances, so that photosensing,
actuation and touch-sensitive functionalities are displayed. Moreover, optical
tuning properties allow various animals, as chameleons and ﬁshes, to change
their color according to environmental conditions.
2.2 Non-wetting surfaces
In the last years, increasing interest in non-wetting surfaces generated
extensive research on the phenomenon and its practical applications. This
section will illustrate the main natural super-liquid-repellent surfaces that
inspired the development of artiﬁcial analogs, the potential applications for
such substrates and the manufacturing technologies currently adopted for
the purpose.
2.2.1 Inspirations
A lot of the solutions employed for the production of functional surfaces
were inspired by examples found in nature, both from the animal and the
plant kingdom. The most representative ones are here brieﬂy illustrated,
according to the descriptions provided by Valipour et al. (2014) [5].
Lotus leaf
The most famous and studied natural super-hydrophobic surface is the
leave from the lotus (Nelumbo nucifera). Its water repellent behaviour en-
ables droplets over the surface to roll oﬀ, carrying oﬀ dirt and removing
contaminants particles, obtaining a self-cleaning eﬀect that for this reason
is also known as lotus eﬀect. As will be further described it the following
chapter, this hydrophobic behaviour is originated by the peculiar combi-
nation of the geometrical structure and the surface energy of the involved
materials. The leaf is covered by randomly distributed micropapillae, in
their turn covered by ﬁne branch-like nanostructures, as shown in ﬁgure 2.1.
Because of this multiscale structured architecture and the hydrophobicity of
the epicuticular wax that upholster the features, the resulting water contact
angle is very high (greater than 150◦), while the contact angle hysteresis (i.e.
the diﬀerence between advancing and receding contact angles) is very low,
leading to the self-cleaning behaviour.
5
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Figure 2.1: SEM images of the lotus leaf: (a) micropapillae; (b) branch-like
nanostructures.[6]
Rice leaf
Similarly to lotus leaf, rice leaf display a hierarchical micro/nano struc-
ture on its surface, so that papillae having a diameter between 5 to 8 µm are
covered by nano-pins. Micropapillae are distributed in the direction parallel
to the leaf edge, therefore water droplets over the surfaces roll more easily
along that direction than in the normal one.
Red rose petal
Red rose petals also present micropapillae covered by smaller nanoscale
features in a hierarchical structure, and this causes the contact angle to
be very high, making the droplet almost spherical. Because of the high
adhesive force between water and the petal surface, droplets cannot roll oﬀ
the surface even when the petal is turned upside down, providing what is
sometimes indicated as the petal eﬀect. Comparing the rose petal's and the
lotus leaf's surface structures the diﬀerence can be intuitively understood,
as illustrate in ﬁgure 2.2. The lotus leaf displays a randomly rough surface
and a low contact angle hysteresis, not allowing the water droplet to wet the
areas between the micropapillae. Because of this, air is trapped also among
the bigger scale features and the adhesive force resulting from the contact
between liquid and solid is extremely low. On the other hand, rose petal's
features are generally larger, and the liquid menages to ﬂow between the
bigger features, but not into the smaller cavities, causing what is indicated as
a Cassie impregnating wetting state, and the resulting adhesive force caused
by the greater contact is higher. Since the contact angle hysteresis represent
the dissipation of energy associated with the movement of the droplet, that
is also higher.
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Figure 2.2: (a) Rose petal surface structure (Cassie impregnating wetting
state); (b) Lotus leaf surface structure[7].
Ramee leaf and chinese watermelon surface
Both the Ramee leaf and the chinese watermelon surfaces achieve super-
hydrohobic contact angle without involving any hierarchical structure. Their
substrate is covered by a unitary structure composed of a lot of slick ﬁbers
having a diameter between 1 to 2 µm.
Butterﬂy wings
The wings of butterﬂies as the Morpho aega exhibit periodic overlap-
ping micro-scales arranged in order one-dimensional orientation, covered by
lamella-stacking nano tips. Because of this anisotropic hierarchial structure,
water droplets can roll oﬀ in the radial direction but not in the other.
Water strider legs
Water strider can support their weight and run over water's surface be-
cause of multiscale anatomy of their legs surface, that display a large number
of oriented, needle-shaped and inclined microsetae composed of diﬀerent he-
lical nano-grooves, capable of creating air traps.
Fish scales and shark skin
Micro/nano scale hierarchical structures, as the nanostructured micropapil-
lae on ﬁsh scales and the placoid scales of shark skin, are responsible for
functionalities as drag-reduction, self-cleaning, superoleophilicity and super-
oleophobicity in water.
Others
Other natural surfaces displaying signiﬁcant non-wetting behaviours are
peacock feather, mosquito eyes, gecko feet and many more.
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2.2.2 Applications
Non-wetting functional surfaces, depending on the speciﬁc peculiarities of
the involved substrate, can be suitable for diﬀerent applications. According
to Valipour et al. (20014) [5], among the ones reported by researchers the
main ones are:
• Self-cleaning, achievable when the static contact angle is high and the
contact angle hysteresis is very low, so that the adhesion between the
liquid and the solid substrate is low and the drop is able to slide oﬀ
the surface picking up the dirt particles, as shown in ﬁgure 2.3;
• Corrosion and scratch resistance, reported for steel superamphiphobic
surfaces adequately treated;
• Anti-bacteria properites, showed by superamphiphobic coated fabrics
adequately treated;
• Transparency and anti-reﬂection, achievable when the roughness di-
mension on optical surfaces is in the range of nanometers, so that it is
smaller than the wavelenght of incident light (possible liquid-repellent
coatings are usually transparent);
• Electrical conductivity, often obtained by electro-chemical polymeriza-
tion using a ﬂuoropolymer for the fabrication of coatings, can be used
for electromagnetic interference shielding materials, electrical devices,
electronic textiles and protective clothing;
• Floating on liquids membranes, inspired by the already mentioned wa-
ter strider, display superamphiphobicity, ﬂexibility, load carrying on
oil and water, reduced viscous drag towards oil and gas permeability;
• Water/oil separation, achievable with meshes made of material dis-
playing both hydrophobicity and oleophilicity, so that they are both
permeable for oil and impermeable for water;
• Others, like water capturing surfaces and superhydrophobic concrete
for improved durability of structures and pavements.
Areas where non-wetting surfaces can also apply are microﬂuidic de-
vices, textile industry, medical equipment and surgical tools, heat exchang-
ers, packaging to fully empty viscous liquids, self-cleaning windows and car
windshields, ice-repelling surfaces and ships' hulls with reduced drag and
corrosion for the maritime industry.
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Figure 2.3: (a) On a smooth surface dirt particles are only redistributed
by water; (b) On a conveniently rough surface dirt particles adhere to the
droplet's surface and are removed when it roll oﬀ[8].
2.2.3 Manufacturing methods
As previously mentioned and further explained in the next chapter, in
order to achieve non-wetting functionality from a surface, the required ele-
ments are roughness on the micro and/or the nano scales and low surface
energy. Diﬀerent technologies have been adopted for the fabrication of such
surfaces, and a common classiﬁcation suggests a distinction between top
down approaches, that involve a roughening of the surface by means of print-
ing, molding and carving, and bottom up approaches, where larger, more
complex objects are fabricated by assemblying smaller building blocks. The
manufactured rough surface can be modiﬁed by coatings or self-assembled
monolayers in order to decrease the surface energy and achieve higher liquid
repellency. Since coatings may be subjected to damaging, microstructure-
alone induced non-wettability, usually achieved by roughening already hy-
drophobic materials, is usually considered a more durable option.
According to Scarratt et al. [9] the most common and conventional fab-
rication methods reported in literature are:
• Lithography, where the surface morphologies are created by transfer-
ring a pattern, ﬁrst produced by means of imprinting, depositing or
etching, from a hard or soft master to the substrate. Depending on
the peculiarity of the process, further distinctions can be made between
9
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X-ray based, electron beam based, colloidal based and nano-imprint
based, photolithography and micro-contact printing.
• Sacriﬁcial templating, that is based on the replication of a patterned
surface by pressing or molding a polymer over the desired morphology,
that can be a master previously fabricated by lithography or natural
functional surfaces as the lotus leaf. Once hardened the polymer, the
template is removed and can be dissolved away.
• Plasma etching, that involves the bombardment of the the surface with
reactive atoms or ions generated in a gas discharge.
• Chemical etching, that is based on the immersion of the substrate in
a corrosive/reactive chemical mixture, and it is usually adopted for
metals and glasses.
• Chemical deposition, where a layer of nano-features is deposited by
means of a surface chemical reaction, that can be originated by a
gaseous precursor (chemical vapor deposition) or wet chemical solu-
tions or electrochemically conductive substrates (chemical bath depo-
sition and electro-chemical deposition).
• Colloidal assembly, based on the assembly of polymeric or inorganic
colloidal particles by means of chemisorption or physisorption, that
enables the fabrication of multi-scaled features if the dimensions of
the starting particles is varied. Layer by layer deposition is sometimes
adopted in order to place multi-layer ﬁlms over the surface.
• Electrospinnig, that involves the formation of a layer of ﬁbers on a
grounded collection plate due to the evaporation of the solvent during
the ejection of a polymer from an extrusion nozzle when an electrical
potential is applied between the two elements.
• Electrospraying, where a polymer solution is poured over a surface from
a capillary nozzle set at a high potential, hence causing the ejected
polymer to split into small-scale droplets.
• PTFE (polytetraﬂuoroethylene) coatings, that are used because of the
very low surface energy and usually require the deposition of a colloidal
suspension over the surface, followed by high temperature sintering.
Spray coating techniques are industrially used, involving the formation
of a homogeneous layer compacted during the evaporation of the liquid
phase.
While these are the most commonly adopted manufacturing technolo-
gies for the fabrication of functional surfaces, several other approaches were
investigated, such as wrinkling, dip-transfer, 3d direct laser writing used
10
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in two-photon polymerization, and some additive manufacturing methods.
These latter technologies in the last years became more and more popular in
both the academic and the industrial environment, mainly because of their
advantages over some traditional manufacturing methods in terms of low
material waste and time consumption, faster design and prototyping, high
design customization and complexity capabilities, and overall user friendli-
ness. Since the fabrication of functional surfaces by conventional methods is
generally time-consuming and usually not economical for mass production,
it is still challenging for industrial applications because of high production
cost and low production eﬃciency in the prototyping phase [1]. Moreover,
those approaches usually require an in-depth expertise and training, and
have other limitations on the achievable geometries and available materials
[10]. These concerns established the motivation to tackle them by using vat-
photopolymerization based additive manufacturing as a simple, time-eﬃcient
and cost-eﬀective process for the fabrication of functional surfaces [2].
This work will therefore investigate the performance of a Digital Light
Processing printer (212-DLP HD) for the manufacturing of hydrophobic mi-
crostructured surfaces.
11
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Chapter 3
Background and theoretical
framework
3.1 Wetting
A comprehension of the phenomena underlying the wetting behaviour of
surfaces is essential to understand and guide the design choices and goals in-
volved in the production of functional hydrophobic surfaces. For this reason
in the present section the main models and ideas regarding the matter will
be described and conceptually derived, following the procedure proposed by
Banerjee (2008) [11], except where diﬀerently indicated.
The wettability of a solid surface by a liquid is quantiﬁed by the contact
angle, deﬁned as the angle at the triple line, where the solid surface meets
the interface between liquid and vapor. A speciﬁc equilibrium contact angle
is associated with a precise conﬁguration of the solid-liquid-vapor system in
terms of pressure and temperature, and its value on smooth and rough sur-
faces is governed by Young, Wenzel and Cassie-Baxter equations, that will
be illustrated below.
These models aim to quantitatively describe how the contact angle de-
pends on both chemical properties, related to the involved substances, and
the morphological structure of the interface, that aﬀects the interfacial en-
ergy of the solid surface therefore changing its wetting property.
3.1.1 Young's equation
A drop of liquid that is poured on a solid surface while being in an envi-
ronment of vapor, reaches the equilibrium shape when the total free energy
of the liquid's surfaces in contact with the vapor and the solid is minimal.
13
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It is a necessary and suﬃcient condition for a liquid drop to reach contact
and adhere to a solid substrate and deﬁne a ﬁnite contact area, that in doing
so the total energy associated with the system decreases by means of the
adhesion work dissipated by the liquid attaching to the solid. Indicating this
work of adhesion, that corresponds to the amount of energy per unit area
needed to separate the solid and liquid in a vapor environment, as ωa,SL,
when the contact between liquid and solid happens, it can be described as:
ωa,SL = γSV + γLV − γSL (3.1)
where γSL, γSV and γLV represent the surface energy (also named as
surface tension) of the interfaces between solid and liquid (SL), solid and
vapor (SV), and liquid and vapor (LV) respectively. By deﬁnition, surface
tension represents the energy cost per unit area of an interface between a
liquid and another immiscible ﬂuid. The molecules of a liquid are associated
by chemical bonds, and having the highest possible number of neighbours of
the same species is energetically favourable for them. Since molecules at the
interface have fewer neighbours, their energy state is higher and because of
this any ﬁnite amount of liquid tends to minimize its exposed surface [12].
Attraction between solid and liquid happens when the so deﬁned work of
adhesion is positive, causing the liquid to wet the solid surface. Conversely,
a negative work of adhesion results in a repulsion that leads to non-wetting.
When a spherical liquid drop, having an Asphere surface area, is immersed
in a vapor environment, its total interfacial free energy is expressed as:
Wtot,liquid = γLVAsphere (3.2)
The contact between the liquid drop and the solid substrate modiﬁes the
total area of the drop, that becomes ASL + ALV , where ASL and ALV in-
dicate the area at the solid-liquid interface and at the liquid-vapor interface
respectively, as shown in ﬁgure 3.1.
The total surface energy of the drop therefore becomes:
Wtot,liquid = γLV (ASL +ALV )− ωa,SLASL (3.3)
that is minimized by minimizing the contact area in order to achieve
equilibrium. This means that the following condition needs to occur:
γLV (dASL + dALV )− ωa,SLdASL = 0 (3.4)
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Figure 3.1: (a)Asphere is the area of a liquid droplet in vapour; (b) ALV is
the area of the drop at the interface between liquid and vapour, while ASL is
the area at the interface between solid and liquid; (c) Total interfacial area;
(d) Scheme illustrating dALV /dASL = cosθ [11].
and once deﬁned θY by calling cosθY = dALV /dASL, according to ﬁgure
3.1 , the Young's equation, expressing the ideal contact angle for a smooth
surface in terms of the involved surface tensions. is obtained as:
cosθY =
(γSV − γSL)
γLV
(3.5)
Considering γLV is always a ﬁnite and positive value, it can be noticed
that for γSV > γSL then 0
◦ < θY < 90◦, so when the interfacial tension
between solid and vapor is higher than the one between solid and liquid,
the wetting behaviour is hydrophilic. On the contrary, if γSL > γSV , that
means the interfacial tension between solid and liquid is higher than the one
between solid and vapor, then 90◦ < θY < 180◦, so the behaviour will be
hydrophobic, and hence the contact area beween solid and liquid ASL will
be minimized in order to minimize the total surface energy of the liquid.
Beside evaluating the wetting property of a liquid on a smooth surface
deriving the Young's equation by the thermodynamics of surfaces and the
15
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work of adhesion as described so far, the same relation can be simply obtained
and understood by deﬁning the equilibrium of the forces at the triple line,
where liquid, solid and vapour are in contact, as it is illustrated in ﬁgure 3.2,
that clearly shows how the contact angle is a function of the involved surface
energies.
Figure 3.2: (a) and (b): Young's equation can be geometrically obtained
using vectors for the surface tensions; (c) Wenzel's wetting state; (d) Cassie-
Baxter's wetting state[11].
3.1.2 Wenzel's equation
The wetting properties of a solid surface are not only determined by
its interfacial energy/tension, and its morphology plays a key role in deter-
mining the actual wetting behaviour, that is modiﬁed by the presence of
microstructures and nanostructures.
According to the Wenzel's model the surface's roughness needs to be
taken into account and quantiﬁed by a roughness ratio factor r, that is
deﬁned as the ratio between the true area of the solid surface and its projec-
tion (r = Arough/Aflat). Since r is always greater than 1, it has the eﬀect of
increasing the surface area at the interface therefore increasing the interface
energy. Introducing the roughness factor in Young's equation, γSV becomes
rγSV and γSL becomes rγSL, so the Wenzel's equation is obtained in the
16
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following form:
cosθW =
r(γSV − γSL)
γLV
= rcosθY (3.6)
where θW is the contact angle for the rough surface.
It is clear that according to such equation, the eﬀect of roughness' pres-
ence is that of emphasizing the wetting or the non-wetting liquid's behaviour
displayed on smooth ﬂat surfaces. As shown in ﬁgure 3.3, if the liquid is ini-
tially wetting (θY < 90
◦), the hydrophilicity will be further enhanced and
the resulting contact angle will be θW < θY . Conversely, if the liquid is ini-
tially non-wetting (θY > 90
◦), the hydrophobicity will be further enhanced
and the resulting contact angle will be θW > θY .
Figure 3.3: The graph shows how Wenzel's and Cassie-Baxter's contact an-
gles vary with Young's contact angle for diﬀerent values of r and fS[11].
3.1.3 Cassie-Baxter's equation
Cassie and Baxter extended the description of the wetting phenomenon
by considering the eﬀect of the presence of a ﬂat substrate composed of n
randomly distributed diﬀerent materials, each one having its own speciﬁc
surface energy/tension. and its respective fraction fi' of the total substrate
interface, so that
∑
i fi = 1, γSV =
∑
i fi(γi,SV ) and γSL =
∑
i fi(γi,SL).
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Introducing these deﬁnitions into Young's equation, a ﬁrst formulation
of the Cassie-Baxter's law is obtained:
cosθCB =
∑n
i fi(γi,SV − γi,SL)
γLV
=
n∑
i
fi(cosθi,Y ) (3.7)
The whole idea of non-wetting micro/nano strucutured surfaces is based
on the eﬀect of having air trapped among the asperities of the solid surface,
so that the liquid drop sits on a two component substrate. The solid and
the vapor fractions of the interfacial surface between the substrate and the
liquid will be respectively indicated as fS and fV . Being θS,Y = θY and
θV,Y = −1, since the vapor fraction resulting from the presence of air pockets
is completely dry and therefore non-wetting, in the basic and most common
case of a liquid droplet sitting on a solid-vapor surface material, the Cassie-
Baxter's equation assumes the following form:
cosθCB = fScosθY − fV = fScosθY + fS − 1 (3.8)
that for a rough surface, once introduced Wenzel's roughness factor, be-
comes:
cosθCB = rfScosθY − fV = rfScosθY + fS − 1 (3.9)
that is the extended Cassie-Baxter/Marmur model equation.[13] The im-
mediate consequence of what this equation expresses is the observation that,
according to the model, in order to achieve high contact angles, fS needs to
be reduced as much as possible by the introduction of asperities and hence
air pockets, so that fV , fS and θCB approach 1, 0 and -1 respectively, as
ﬁgure 3.4 illustrates.
As reported in ﬁgure 3.4 the contact angle predicted by Cassie-Baxter
equation is always greater or equal to the one predicted by Young's equation,
since θCB increases with the value of fS .
Another important information conveyed by equation 3.9 is that increas-
ing the roughness ratio factor r, the contact angle predicted by it for a
hydrophilic ﬂat surface, whose Young's contact angle is therefore smaller
than 90◦, can go from hydrophobic to hydrophilic values. This is shown
in ﬁgure 3.4. Equation 3.9 also states that once a value for r is ﬁxed,
the contact angle increases for decreasing values of fS . On the other hand,
if the ﬂat surface is hydrophobic, and Young's contact angle is therefore
greater than 90◦, this crossing from hydrophobic to hydrophilic behaviour
can't happen, hence it is not possible to turn a hydrophobic substrate into
a hydrophilic one by changing its surface morphology, instead it can only be
made superhydrophobic.
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Figure 3.4: The graphs show how Cassie-Baxter's angle varies with r for
diﬀerent values of Young's contact angle and fS [11].
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3.1.4 Dynamic wettability
A liquid-solid-vapour combination can display a range of contact angle
values depending on the context of the measurement. The maximum value
is deﬁned as the advancing contact angle, θadv, while the minimum value
is deﬁned as the receding contact angle, θrec.
As already mentioned in the chapter 2, the contact angle hysteresis, de-
ﬁned as the diﬀerence between the values of θadv and θrec, is an indication
of the interaction strength between liquid and solid, and directly aﬀects the
self-cleaning property of the substrate. Low values of contact angle hystere-
sis mark a low adhesion of the liquid to the solid, causing drops to easily
slide on the surface and roll oﬀ. An evaluation of the contact angle hysteresis
is provided by the measurement of the sliding angle, deﬁned as:
mgsinα = σw(cosθrec − cosθadv) (3.10)
in which α is the sliding angle, σ is the liquid's surface tension, g
is the gravitational acceleration, and m and w are the weight and the
width of the contact circle of the liquid droplet. The term on the right
is associated with the contact angle hysteresis and represents the capillary
force, while the term on the left is the gravity force. In a Cassie's state the
contact between liquid and solid is very small, so the interaction strength is
also small, as the sliding angle. Conversely, in a Wenzel's state the contact
area is larger than the apparent area and the interaction strength is greater.
The smaller the solid fraction of the interfacial surface between the substrate
and the liquid, the smaller is the interaction strength, the higher will be the
potential self-cleaning property.
For the measurements diﬀerent techniques can be adopted. A surface
can be slowly tilted until the drop moves, so that the sliding contact angle
can be measured. Otherwise a suﬃciently small quantity of liquid can be
added to a drop deposited on a surface, so that the contact angle increases
while the contact line stays pinned, or a suﬃciently small quantity of liquid
can be removed so that the the contact angle decreases [5].
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3.2 Vat photopolymerization
The principles of vat photopolymerization-based additive manufacturing
and the main elements of the technology will be here introduced and illus-
trated. Except where diﬀerently indicated, the details reported in this section
and further related information can be found in Chartrain et al. (2018) [14].
3.2.1 Principles
Vat photopolymerization is a term used to refer to all additive manufac-
turing processes that are based on the selective curing of layers of photosen-
sitive polymer resin by means of a light source, commonly in the ultraviolet
spectrum but sometimes also in the visible range. The photopolymer exposed
to the light source crosslinks and therefore solidiﬁes, so that an ascending or
descending movement of a building plate where the cured part is attached,
allows new resin from the vat to ﬂow, be exposed and thus be cured. This
way complex part can be built layer by layer.
Stereolithography (SLA, stereolithography apparatus) is the most widely
used rapid prototyping technique, it was the ﬁrst additive manufacturing
process to be developed and was patented in the 80's by Chuck Hull, who
also coined the term and co-founded the world's ﬁrst 3D printing company,
3D Systems. Throughout the years the technology has evolved, and cur-
rent photopolymerization-based processes can now be distinguished by the
speciﬁc light patterning techniques they adopt, the main three being vector
scannig, mask projection and two-photon (see ﬁgure 3.5).
Vector Scanning Stereolithography is the most commonly used technique
on commercial machines and its working principle, the one of traditional
SLA, is based on the activation of a photopolymerization reaction by scan-
ning a focused laser over the surface of a vat ﬁlled with photosensitive poly-
mer resin. The building stage is moved after a layer is completed and the
new layer is directly build over the previous one.
Mask projection stereolithography makes use of dynamic mask systems
to expose the whole resin layer to the light source at the same time, and
because of that the process is generally faster than the one of Vector Scan-
ning Stereolithography systems. At ﬁrst Liquid Crystal Displays (LCD)
were usually employed, but nowadays the majority of the machines use Dig-
ital Micromirror Devices (DMD), which is a Digital Light Processing (DLP)
technology originally developed in 1987 by Larry Hornbeck of Texas Instru-
ments. DMDs are micro-opto-electromechanical systems composed of large
arrays of micromirrors that can be set by rotation either in an on or in
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Figure 3.5: Light patterning techniques [14].
an oﬀ position in order to reﬂect light only oﬀ the activated subset of the
mirrors so that a light patterned image is produced.
Two-Photon polymerization (2PP) is a form of multi-photon polymer-
ization and, as such, the reaction causing the crosslinking is initiated by the
contemporary absorption of two lower energy photons by single molecules,
whereas standard stereolithography relies on the absorption of only one pho-
ton. Because of this, in 2PP, the resulting absorption at a higher wavelength
is equivalent to the one of a single photon at half the wavelength, and due
to the quadratic dependency of two photon absorption with light intensity,
the system is able to reach sub-micron feature sizes.
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Figure 3.6: Microstereolithography system elements[14].
3.2.2 Microstereolithography
Vat photopolymerization systems capable of achieving feature sizes on
the micron scale are classiﬁed as microsterelithography (µSL) systems. Al-
though Vector scanning systems are still very common, DMDs' fast improv-
ing resolution and diminishing costs is making Mask Projection systems more
and more implemented in microstereolithography (MPµSL).
These systems are essentially composed of a light source, a dynamic
mask, conditioning and imaging optics, a recoating system, a build platform,
a photopolymer container and a controller, as illustrated in ﬁgure 3.6.
Light sources can be UV lamps, LEDs or lasers, and the choice is based on
considerations regarding the emission spectrum, the intensity and its proﬁle,
and divergence.
The light originating from the source goes through the conditioning op-
tics, that can involve homogenizing rods (aimed at reducing any intensity
proﬁle in order to create an even distribution of light intensity all over the
building area), collimating lenses (aimed at reducing beam divergence and
increasing light intensity from highly divergent sources), ﬁlters (aimed at
suppressing undesired wavelength by selecting a speciﬁc wavelength to pass
through), and beam expanding optics (aimed at expanding collimated light).
Once the light is gone through the conditioning optics, it is reﬂected oﬀ the
dynamic mask and it is focused onto the building area by the imaging optics.
In order to achieve higher resolutions, diﬀerent lenses can be used so that the
light beam can be reduced to a smaller area, however making the dimensions
of the building area also smaller. The choice of the lenses and the respective
resolution needs to be therefore tuned according to what is needed by the
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Figure 3.7: Microstereolithography: top-down system (a) and bottom-up
system (b)[14].
printed part.
µS systems can make use of one of two diﬀerent systems for printing
the various layers of the part. A top-down system (see ﬁgure 3.7) can be
adopted, where light is projected from above and the build area is recoated
with a new layer of fresh uncured resin by dipping, spreading, pumping, or
a combination of these. A bottom-up system (see ﬁgure 3.7) can otherwise
be implemented, where light is projected from below and the recoating is
obtained by means of gravity. In this latter system it is necessary for the
window through which the light passes to be optically transparent and to
guarantee the separation of the part from the bottom of the vat. In both
cases the building plate is moved by a linear actuator.
3.2.3 Photopolymerization
The term photopolymers broadly comprises monomers, oligomers, poly-
mers, or mixtures of these, that photochemically react to light exposure by
polymerizing, therefore changing their structures and modifying their chem-
ical and mechanical properties [15]. In order for these molecules to react, a
photoinitiator suitable to absorb the light's wavelength needs to be present,
and in general the resin can be composed of multiple photoinitiators and
polymerizable molecules, light absorbers, stabilizers, anti-foaming agents,
dyes, dispersants, and various functional additives, although in its simplest
form a resin can also consist of a photoinitiator and a monomer only.
Resins commonly used for vat-photopolymerization based additive man-
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ufacturing generally polymerize through free radical photopolymerization
(acrylates, methacrylates, and acrylamides) and cationic photopolymeriza-
tion (epoxides and vinyl ethers).
Free radical photopolymerization starts when a photoinitator molecule
absorbs of a photon (or two photons in the case of Two-Photon polymeriza-
tion) thus generating a free radical that initiates the polymerization process
of the acrylate or acrylamide molecules through a carbon-carbon double
bond. The process spreads covalently linking other monomers until it ends
because of either recombination, disproportion or occlusion of the propagat-
ing radical. Acrylates are often used both in industry and research because
of their fast polymerization process, despite their remarkable shrinkage dur-
ing curing causing curled layers and internal stresses. The speed of the
photopolymerization process is also reduced by oxygen inhibition. Cationic
systems, like epoxides and vinyl ethers, though less reacitve than free radicals
systems, cover an important role in SLA, since their reduced shrinkage and
lack of an oxygen inhibition eﬀect, respectively allow for a higher accuracy
in the printing and a reduction in the requested amount of photoinitiator.
Most of the commercial available resins are blend of epoxies and acrylates,
so that the favorable properties of both are used.
Cationic photopolymerization
A description of the curing characteristics of a resin is provided by the
Jacobs equation [16],
Cd = Dpln
(
E
Ec
)
(3.11)
that is derived from the Beer-Lambert law, and gives a relation between
the following four parameters:
• cured depth (Cd) of the polymer, i.e. the thickness of the gelled poly-
mer;
• exposure (E), i.e. the energy distributed to the surface of the resin;
• depth of penetration (Dp), i.e. the distance at which the irradiation
intensity inside the resin is equal to 1/e of the irradiation intensity at
the surface of the resin;
• critical exposure (Ec), i.e. the amount of energy that is necessary for
the start of the gelation of the resin .
While the ﬁrst two are function of the speciﬁc considered process and
can therefore be easily measured and controlled, the last two are intrinsic
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Figure 3.8: Cured depth versus exposure. Depth of penetration and critical
exposure can be graphically observed[14].
properties of the material and must be determined before. A graphical rep-
resentation of depth of penetration and critical exposure can be obtained by
plotting the observed cured depth versus the exposure as shown in 3.8 where
the x-intercept of the trend line is the Ec and its slope is the Dp of the resin.
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Method and instruments
All the tested parts were ﬁrst modeled with the computer-aided design
software SolidWorks, then processed by the slicing software 3DOpenSource
and printed with DTU's high resolution DLP printer 212-DLP HD. The ma-
terial used was UV-curing resin Fun To Do Snow White.
Once set the process parameters and fabricated the part, it was detached
from the building platform and then post-processed by:
• cleaning the part from the uncured resin ;
• drying the part with pressurized air;
• ﬁnally post-curing the part in a UV chamber.
The printed parts were observed with the lab's USB microscope through
the software DinoCapture. More accurate analysis and measurements were
taken with the optical 3D surface measurement system Alicona InﬁniteFocus.
The wetting behaviours of the parts were tested using the sessile drop
technique.
4.1 212-DLP HD
The additive manufacturing machine 212-DLP HD, fully designed and
built at the Technical University of Denmark, was employed for the fabri-
cation of all the tested parts. It is a Digital Light Processing bottom-up
projection-based printer and it has been subject, and still is, of continu-
ous modiﬁcation and up-grading. At the time of the writing, the machine
speciﬁcs were the ones reported in ﬁgure 17 in the Appendix. Its setup is
illustrated in ﬁgure 4.1.
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The light source of the hardware tool was based on a LUXBEAM LRS-
WQ-HY projector equipped with projection lens with x1 magniﬁcation, which
are associated with a build volume of 19.3 x 12.06 mm, hence all the tested
geometries were printed on rectangular stages having smaller dimension than
those. The 0.5x projection lens is a recent upgrade and was not available
during the experimental activities. Further testing of the new capabilities
of the printer with the higher resolution it provides is expected to generate
new developments in the production of microstructured surfaces by DLP vat
photopolymerization, although the printed parts will be smaller due to the
smaller build volume (9.65 × 6.03 mm). The projector was equipped with a
Digital Mirror Device having a native resolution of 2560 per 1600 pixels array
with a 7.54 µm pixel pitch, therefore with the used magniﬁcation (x1) the
projection mask pixel spacing was 7.54 µm in the image plane (x-y plane).
The build-stage resolution in the vertical (z axis) direction was stated to be
down to 0.625 µm.
The machine was controlled using the software 3DOpenSource, as shown
in ﬁgure 4.2. The printer was connected to a computer, the projector was
started, the building plate was moved from its home position to a position
deﬁned during the set up, and that position was set as the origin for the
movements during the process. Once selected the images for the support
layers, corresponding to the above mentioned stages of the part, and for
the features layers, corresponding to the actual microstructures, the printing
could be started. The images were obtained slicing the .STL ﬁles of the CAD
geometries according to the chosen layer thickness. Diﬀerent parameters for
each geometries needed to be found by trial and errors, testing diﬀerent
combinations of the parameters layer thickness, exposure time and radiant
ﬂux (the latter controlled in the software by setting the parameter light
amplitude, which is associated to the actual value of the radiant ﬂux as
shown in ﬁgure ). The fabrication of the part started on the build plate with
the support layers, the ﬁrst being burning layers printed with higher values of
the process parameters in order to assure the attachment of the part. All the
printed features were oriented along with the Z direction, perpendicularly to
the build plate.
4.2 Post-processing
Vat photopolymerization based additive manufacturing methods require
a post-processing procedure in order to complete the manufacturing of the
printed parts. To guarantee better consistency of the results, the tested
samples were all subjected to the same treatment, that involved the following
steps:
• Once the printing was completed, the parts were gently detached from
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Figure 4.1: 212-DLP HD setup.
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Figure 4.2: The software 3DOpenSource was used to setup the machine,
charge the sliced images ﬁles, and deﬁne the process parameters.
Figure 4.3: Relation between the actual radiant ﬂux and the set light am-
plitude.
30
4.3. ALICONA INFINITE FOCUS
Figure 4.4: Ultrasonic cleaning unit Elmasonic P was used to remove uncured
resin from the parts in a bath with isopropanol .
the build plate with a spatula, taking care not to damage the plate nor
the part.
• Since after the printing the removed parts were still covered in uncured
resin, they were ﬁrst rinsed with isopropyl alcohol and then put it in
a vibration plate ultrasonic cleaner bath with isopropanol for a cycle
of 3 minutes at the frequency of 37 kHz (the ultrasonic cleaning unit
Elmasonic P was used, shown in ﬁgure 4.4)
• After the bath, pressurized air was used to dry and clean the samples
from the remaining isopropyl alcohol and uncured resin. Care was
taken not to blow the parts too hard in order to prevent damages to
the microfeatures.
• Once dried, the parts were post-cured in a UV chamber (Formlabs, as
shown ﬁgure 4.5) for a cycle of 15 minutes at 45◦ C, in order to ﬁnalize
the polymerization process, thus completing the curing, making the
parts safe to be touched, and optimizing the robustness by stabilizing
the mechanical properties.
4.3 Alicona Inﬁnite Focus
For a more thorough analysis of the printed samples, the 3D microscope
Alicona Inﬁnite Focus was used. Alicona Inﬁnite Focus is an optical 3D sur-
face measurement system based on the Focus Variation technology, which
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Figure 4.5: A Formlabs UV chamber was used for the post-curing.
combines the small depth of focus of an optical system with vertical scan-
ning to provide topographical and color information from the variation of
focus. It provides diﬀerent lens systems and objectives, allowing measure-
ments with diﬀerent resolutions and magnﬁcations on the basis of what is
required.
The system uses a beam splitting mirror and the objective to focus onto
the analyzed sample a light originated from a white light source. When the
light hits the surface, it gets reﬂected diﬀerently into various directions de-
pending on the topography of the sample, and the reﬂected rays are bundled
in the optics and collected by a light sensitive sensor.
Since the depth of ﬁeld of the optics is small, only small sections of the
analyzed part are on focus and therefore sharply imaged. In order to obtain
a complete detection of the surface of the selected area of the sample, the
precision optic is moved vertically along the optical axis while data from the
surface are continuously acquired. The collected data are then processed by
algorithms analyzing the variation of focus along the vertical axis, so that a
3D image of the specimen and true color image with full depth of ﬁeld are
created.
This technology provides the means for repeatable, non-invasive mea-
surements for surfaces with a local Ra up to 0.009 µm at a lc of 2 µm, and
so the sizes of the printed microstructured surfaces were within the bound-
aries deﬁned in the speciﬁcations [17].
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Figure 4.6: Alicona InﬁniteFocus [17].
The data from the scannings taken with Alicona were analyzed with the
software SPIP, that allows for the processing of microscopic images at nano-
and microscale, providing many options among which the cleaning of the
images from noise and analysis of proﬁles over the acquired images. SPIP
supports data from diﬀerent microscope sources including scanning probe
microscopes (SPM, AFM, STM, SNOM, etc.), electron microscopes (SEM,
TEM), interference microscopes, confocal microscopes, optical microscopes,
and proﬁlers along with their ﬁle formats [18].
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4.4 Sessile drop technique
In order to analyze the wetting behaviour of the printed parts, and there-
fore evaluate the potential hydrophobic eﬀect of the microstructures on the
substrate, the samples were tested with the sessile drop technique using
a contact angle goniometer (Ramé-hart Instrument co. Model 200, USA,
shown in ﬁgure 4.7).
Figure 4.7: Contact angle goniometer (Ramé-hart Instrument co. Model
200, USA).
Samples were positioned over the designated supporting stage and, us-
ing a calibrated syringe, a droplet of pure water was deposited over the
microstructured surface. The drop was let resting on the substrate for 30
seconds in order to stabilize. A light source illuminated the droplet from
behind so that the proﬁle of the liquid over the sample was clearly high-
lighted, and once properly focused the image, a picture was captured with
the built-in camera.
The static contact angles were measured from the pictures using the im-
age analysis software ImageJ, as shown in ﬁgure 4.8. The software provided
separate measures for the right angle and the left angle. so the mean value
has been used for the analysis.
34
4.4. SESSILE DROP TECHNIQUE
Figure 4.8: Contact angles were measured using the sofware ImageJ.
The selected water droplet volume was 5 µL. For each of the sample used
for the analysis in this work, the contact angles of two drops were measured,
since the microstructured area was large enough to host two drops. Five
samples for each tested geometries were printed for statistical signiﬁcance of
the analysis, so 10 measurements were taken for each geometry.
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First designs and feasibility
Since the main idea behind the design of hydrophobic microstructured
surfaces is reducing as much as possible the solid fraction of the interface
between the substrate and the liquid by the introduction of asperities and
hence air pockets (as discussed in Chapter 3), most of the geometries found in
literature involve some kind of pillars, that should create room for trapping
the air underneath the liquid therefore enabling the drop to sit on the features
in a Cassie state, which is associated with higher contact angles.
Pillars can present diﬀerent shapes, sizes, distributions and morphol-
ogy depending on the technology applied for the manufacturing and the
designer's choices.
The goal of the present work is to investigate what can be achieved by
adopting a pillar-based geometrical design approach for the fabrication of hy-
drophobic microstructured surfaces with the current set up of the 212-DLP
HD 3D printer. The material used for the substrate is inherently hydrophilic
(intrinsic contact angle of 65◦) and no coatings, treatments or material mod-
iﬁcations were adopted, therefore the expected transition from a hydrophilic
to a hydrophobic wetting state is microstructure-alone induced.
At ﬁrst it was necessary to see and understand the main problems of
the process, assess the feasibility by observing the wetting behaviour of the
printed substrates, and eventually identify a reasonable dimensional range
for further analysis.
In this chapter the printing procedure of the samples is ﬁrst introduced,
the attempts made and the relative preliminary results are brieﬂy illustrated
and a list of the most common defects is presented.
5.1 Procedure
As illustrated in Chapter 4, once processed the chosen geometry with
the slicing software according to the selected layer thickness, the process
parameters to be set in order to print the part are:
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• exposure time;
• radiant ﬂux (by imposing the light amplitude).
They need to be deﬁned for both the support layers and the feature
layers, and while the parameters used for the support layers were always the
same, since it was essentially a stage for the micro-features that only needed
to attach to the building plate and be thick enough for the samples to be
handled and analyzed, the parameters for the feature layers required to be
manually found each time for each speciﬁc diﬀerent geometry by trial and
error. This process can be very time consuming since several attempts are
needed to establish if the printer is capable or not of manufacturing the part.
The precise relationship between the above mentioned process parame-
ters and the geometrical sizes of the part is not clear and while the possibility
to tune them is one of the beneﬁts of the printer set-up, it is also one of its
aspect that is more in need of study and comprehension, since it highly af-
fects its usability and therefore its possible industrial application. It was
observed, as expectable, that higher values of exposure time and light am-
plitude are associated with higher cured depth and are therefore needed for
thicker layers.
In order to identify the process parameters for the designed geometries,
each of them went through a process that involved a starting point, usually
based on what was previously seen to work for similar geometries, and a
tuning operation, where exposure time and light amplitude were modiﬁed
until the part was acceptably printed. If features were missing or appeared
to be not completely developed, process parameters values were increased.
Conversely, if features appeared to be merged, process parameters values
were decreased. The interpretation of the printing results was based on the
combined observation of the samples by means of both the lab's microscope
and Alicona InﬁniteFocus measurement system.
The outcome of the calibration procedure for the process parameters
established if the selected geometry was printable or not. Problems of over-
curing and under-curing (causing merged and missing features, respectively)
aﬀect the quality of the printed parts, so that testing diﬀerent combinations
of the process parameters was necessary in order to see what could and
what could not be fabricated. The printability of a speciﬁc microstructure
depends in fact on the dimensions of its geometrical parameters (that in the
case of pillars are essentially diameter/side, height, and spacing), which in
turn aﬀect the process parameters.
The strong implications of geometrical parameters were observed not only
in terms of smallest feature size (on the x-y plane, i.e. the building plane),
that is naturally the ﬁrst limit to consider for obvious reasons, but also in
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the height and the relative spacing of the features, and in the relationship
between the various parameters.
In the present section the results of the procedure for parameters ﬁnding
associated with an array of pillars having a diameter of 105 µm, a height of
108 µm and a spacing of 68 µm, printed with a layer thickness of 18 µm will
be used as an example for the illustration of the diﬀerent outcomes that could
be observed going through the procedure. For the sake of clarity, the diﬀerent
cases will be shown starting from low levels of the process parameters up to
the highest. Obviously the process for each geometry was carried out in a
diﬀerent order and usually in an iterative way, depending on the starting
point and its relative results.
If the process parameters are too low, no features are printed and only
the ﬂat surface of the supporting stage is visible (see ﬁgure 5.1, in this case
radiant ﬂux=2.3 W, exposure time=1500 ms). The scratches on the part are
due to the scratched bottom of the vat and are always present.
Figure 5.1: No features are printed when the process parameters values are
too low.
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Figure 5.2: When the values of the process parameters are still too low,
the microstructured area is not completely printed since they tend to miss
towards the sides, and features are smaller than the nominal ones.
Increasing the process parameters, occasionally trying diﬀerent combi-
nations of light amplitude and exposure time, leads to the printing of the
features, but if the values are not high enough the desired microstructured
area may not be complete. The observation of the samples printed with low
values already highlights one of the main problem of the printer, since the
curing of the part appear not to be uniform over the building area, causing
some features, generally the ones on the sides of the part, to be smaller or
not even present due to under-curing. The features (see ﬁgure 5.2, in this
case radiant ﬂux=2.35 W, exposure time=1500 ms) are usually smaller than
the nominal ones, indicating a general under-curing, and there is no pre-
cise boundary between the printed features and the missing ones, that are
therefore irregularly distributed towards the sides.
If light amplitude and exposure time are increased and the geometry is
printable, it is possible to ﬁnd some values that allow to print the whole mi-
crostructured area (see ﬁgure 5.3, in this case radiant ﬂux=2.3 W, exposure
time=2500 ms).
Dimensions of the features still won't be uniformly distributed because
of the diﬀerential curing, so there will be areas where they are bigger and
areas where they are smaller. If they are too small compared to the nominal
ones, values can be increased further in order to promote a greater curing of
the layers, resulting in bigger features more similar to the designed ones (see
ﬁgure 5.4, in this case radiant ﬂux=2.3 W, exposure time=3000 ms).
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Figure 5.3: If the geometry is printable, process parameters can be found so
that all of the features are printed.
Figure 5.4: If it is possible to increase the values of the process parame-
ters without causing a merging of the features, better congruence with the
geometrical model can be achieved.
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If the geometry is printable, a range for the process parameters can be
identiﬁed and a choice needs to be made. Features towards the sides tend to
be smaller, while the inner ones tend to be bigger, although the distribution is
actually not regular. Ideally it should be possible to choose to print features
that are bigger than the nominal in some areas and smaller in some others,
so that the average size is closer to what is desired, otherwise it should be
possible to choose to print features that are close to the nominal in some
areas and way smaller in some others.
In most cases, though, there is no room for choice, since a change in
the process parameters often causes the size of the features to increase to
the point of merging with the neighbouring features, due to over-curing (see
ﬁgure 5.5, in this case radiant ﬂux=2.35 W, exposure time=3000 ms). It
can be noticed how the pillars appear to be well distinct in the outer areas,
completely glued in the inner area, and connected by a reticule of cured resin
in the transitioning area.
Figure 5.5: When the process parameters values are too high, the bigger
printed features merge due to over-curing, creating a glued layer between
the pillars.
If the process parameters are too high, the whole microstructured area
is glued and all the features are merged (see ﬁgure 5.6, in this case radi-
ant ﬂux=2.4 W, exposure time=5000 ms). This happens because even the
smaller less cured features, at their lower diameters and in general at the
ﬁrst layers, reach sizes that are big enough to have them touch the other
features.
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Figure 5.6: All the features are merged due to over-curing if the process
parameters are too high.
5.2 Attempts and preliminary results
As illustrated in Chapter 2, most of non-wetting surfaces are produced
with technologies capable of reproducing features with details on the nano
and the micro scales, often combined in hierarchical structures. At the cur-
rent state the printer is not capable of achieving those sizes (and Two-Photon
polymerization systems seem to be the only vat-photopolymerization based
additive manufacturing method able to operate at that level of detail), there-
fore the ﬁrst step of the investigation was observing how small the printer
could print.
Although the highest resolution with the available lens was 7.54 µm, the
printer was not able to print features that small and, in order to avoid or
at least restrict problems with the slicing software, features where designed
choosing dimensions that were multiple of the resolution.
At ﬁrst geometries composed of arrays of round and square pillars hav-
ing a diameter/side of around 20 µm and 30 µm were tested, trying diﬀerent
layers thickness, number of layers and heights. Since most of the geometries
reported in literature had dimensions of the spacing between features com-
parable with the width of the features, the spacing of the tested geometries
did not exceed the double of the size of the diameter/side. Following the
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previously described procedure the results were examined and it was noticed
(see ﬁgure 5.7), that even with very small heights, through the trial of dif-
ferent process parameters the features transitioned from not being printed
at all, to be not completely printed over the designed microstructured area
(due to under-curing of the outer features), but also simultaneously merged
in the inner ones (because of over-curing).
Figure 5.7: Testing diﬀerent process parameters, the smallest features tran-
sitioned from not being printed at all, to be both merged and missing at the
same time.
As it was illustrated before, increasing the process parameters led to the
printing of the whole microstructured area, though all the printed features
were merged as shown in ﬁgure 5.8. Since decreasing the process parameters
values, which is the strategy needed to lower the merging of the features,
meant printing even less features or no features, it was observed that these
small geometries could not be printed as an array of clearly distinguished
pillars.
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Figure 5.8: Increasing the process parameters in order to print all the features
caused them to be completely merged (in the image, nominally square pillars
with side=30 µm, spacing= 30 µm, height=40 µm are shown).
The concept of minimum feature size therefore does not directly apply
to the fabrication of microstructured surfaces with the current process, since
while the printer may be able to produce very small features, the requirement
of replicating that same features all over a selected surface highlights the
following:
• the accuracy of the process is not uniform, since features printed in
diﬀerent spots over the same plane will be diﬀerently cured a hence
will have diﬀerent dimensions, to the point that the same features may
or may not be printed in diﬀerent places of the same plane on the same
sample;
• the printability of a feature is not only deﬁned by its size (in the con-
sidered case the diameter/side of the pillar) on the x-y or the z plane,
but is also aﬀected by the presence, the spacing and the dimensions
(including the height) of the neighbouring features, that being aﬀected
by the same variability may or may not interfere with the printing of
the other features.
Established that the printer was not able to fabricate pillars that small,
the behaviour with geometries having bigger dimensions was tested.
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Diﬀerent combinations of height, width and spacing were tried and dif-
ferent levels of success of the printing were observed. The tendency of the
features to merge increased with increasing height of the pillars and with
decreasing spacing, regardless of the layer thickness.
Although the process parameters could sometimes change for the same
geometry on diﬀerent days due to the still low repeatability of the process,
it was noticed that usually smaller diameters required higher values of the
process parameters in order for the features to be present, and also for this
reason they were more inclined to merge. Moreover, trying to keep a limited
ratio between the spacing and the width of the pillars also contributed to
promote the merging with smaller features. Adopting this approach bigger
features were successfully printed as shown in ﬁgure 5.9, although the pillars
were always still aﬀected by the irregularly distributed curing and therefore
displayed diﬀerent sizes in diﬀerent positions.
Figure 5.9: Bigger pillars were successfully printed (in the image, nominally
round pillars with diameter=68 µm, spacing= 68 µm, height=108 µm are
shown.)
Experimenting to see how small and dense the features could be printed,
by trial and error it was observed that pillars having diameter/width, spac-
ing and height in the range around 60 µm ÷ 120 µm could be printed on
the whole microstructured designed area without any missing features and
merged features, and that range was therefore chosen for further analysis
of the inﬂuence of the geometrical parameters of the pillars on the wetting
behaviour of the substrate, as it will be discussed in the next chapter. For
smaller values of width and spacing, problems of merged features took over
(as shown in ﬁgure 5.10, in some cases along with missing features, although
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not always as drastically as shown in ﬁgure 5.7. For higher values of the
height and diﬀerent aspect ratio, when the spacing was big enough so that
no merging between pillars happened, an increase in the always present dis-
tortion of the nominal geometry that causes the upper diameter to be smaller
than the lower one, was observed.
Figure 5.10: Merging of the features due to reduced spacing. The increasing
size of the features towards the merged area can also be noticed (in the image,
nominally round pillars with diameter=60 µm, spacing= 37 µm, height=65
µm are shown.)
By measuring the contact angles of water droplets over the substrate us-
ing the sessile drop method as described in the previous chapter, the wetting
behaviour of the fabricated surfaces was observed. Since the features were
printed only once mainly to assess the feasibility of their fabrication, only a
preliminary qualitative evaluation was possible. Considered the dimensions
of the printed features it was necessary to establish if the microstructures
managed to successfully favour hydrophobicity or if otherwise a pure Wenzel
state was achieved, therefore accentuating the hydrophilicity of the material
as described in chapter 3.
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The results showed that:
• completely merged features displayed hydrophilic behaviour, as shown
in ﬁgure 5.11, usually more pronounced than the one on the original
ﬂat surface, so that it is reasonable to assume that the slight roughness
induced by the glued layer between the merged features failed to create
air traps and the drop therefore achieved a pure Wenzel state, further
enhancing the material's hydrophilicity;
• partially merged features often displayed a slightly hydrophilic be-
haviour with a contact angle usually just below 90◦, but it needs to be
mentioned though that also hydrophobic behaviours were observed, as
shown in ﬁgure 5.12;
• microstructures printed without merging or missing features generally
displayed various levels of hydrophobic behaviour, as shown in ﬁgure
5.13, indicating that the pillar-based design approach can successfully
enable the transition from hydrophilicity to hydrophobicity also on this
scale.
(a) (b)
Figure 5.11: The hydrophilic behaviour displayed on ﬂat surfaces (a) was
further enhanced on microstructures having completely merged features (b,
nominally round pillars with diameter=30 µm, spacing= 30 µm, height=40
µm).
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(a) (b)
Figure 5.12: Most of the microstructures having partially merged features
displayed slight hydrophilicity (a, nominally round pillars with diame-
ter=60 µm, spacing= 37 µm, height=65 µm). Cases of hydrophobicity were
also observed (b, nominally round pillars with diameter=50 µm, spacing=
37 µm, height=40 µm)
(a) (b)
Figure 5.13: Microstructures printed without merging or missing features
generally displayed diﬀerent levels of hydrophobicity (a, nominally round
pillars with diameter=108 µm, spacing= 68 µm, height=72 µm; b, nomi-
nally round pillars with diameter=80 µm, spacing= 60 µm, height=72 µm.)
Since the microstructures printed with merged features could not be con-
sidered representative of the relative nominal geometry because of the glued
layer between some of the pillars causing some areas of the structured sur-
face to be completely diﬀerent from others, they were considered beyond
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the capabilities of the printer, and since most of them did not display good
hydrophobic properties they were no further investigated.
Given the better hydrophobic behaviour of the microstructures printed
without merging features, and their better congruence with the designed
geometry that allows for a sounder association of the wetting behaviour
with the peculiarities of the geometry, they were chosen for further analysis,
as discussed in the next chapter, in order to better understand the role of
the diﬀerent geometrical parameters and hopefully enable improved designs.
5.3 Limits and problems
Throughout the whole experimental activity for the fabrication of the
samples (both the ones mentioned in this chapter and the ones used for the
analysis discussed in the next ones) several issues aﬀecting the printing of
the parts and their qualities were observed.
The used DLP machine was a home-built device, constantly subjected to
modiﬁcations and improvements in order to achieve better accuracy and re-
peatability. Nonetheless, expanding the understanding and the control over
undesired anomalies of the process is obviously essential for its development
and industrialization, and particularly for its application to the production
of microstructured surfaces. Being the setup of the machine, the calibration
of the parameters and the actual printing and post-processing of the parts
already time-consuming, cutting the waste by making the process more ro-
bust and reducing the times for trouble shooting and ﬁxing can really make
the diﬀerence.
In this section the main problems that were met are brieﬂy presented
and possibly illustrated.
Irregular curing distribution
As already mentioned in this chapter, the unevenness of the curing over
the build plane causes features in diﬀerent position over the projection area to
be diﬀerently cured and therefore printed with diﬀerent sizes. This problem
may go unnoticed when printing features, even very small, only in speciﬁc
places of the printed area, but it is clearly highlighted by the fabrication of
arrays of features that should all be equal to the others according to the
geometrical model and the sliced images.
The origin of this problem is not clear though, and further investigation
is needed to improve the understanding of the phenomenon and possibly
reach a solution for it.
50
5.3. LIMITS AND PROBLEMS
As previously mentioned, and later conﬁrmed by the quality analysis of
the samples used for the investigation of the role of geometrical parameters,
the problem is always present and aﬀects all the printed samples. Parts
printed with too low values of the process parameters had missing features
towards the edges, parts printed with higher values of the process param-
eters had merged features in the inner region, parts printed without these
problems still displayed a range of sizes spread over the microstructured area.
As shown in ﬁgure 5.14, the merging of the features started to appear on a
limited inner region of the microstructured area, that grew bigger and bigger
with increasing values of the process parameters until all the microstructured
area was merged. The shape of the merged area was approximately the same
on all the samples, even when printed with a stage elongated in the other di-
rection or with other sizes, although its speciﬁc appearance depended on the
process parameters and the geometry. The distribution of the features sizes,
though diﬃcult to be exactly quantiﬁed, tended to follow the same trend.
Features printed on samples presenting missing pillars in fact displayed a sim-
ilar shape, and the observation of microstructures printed without merged
or missing pillars revealed bigger features in those areas and smaller features
in the others. The higher and the less spaced the microstructures were, the
more they appeared to suﬀer from this problem, in same cases to the point
of having both merged and missing features on the same part.
It is reasonable to suspect an existing relation between the problem and
a possible non-uniform light distribution on the build plane or some optical
distortion due to the lenses that could cause pixels in the middle area to have
a diﬀerent size or shape compared to the pixels on the edges. Some observa-
tions may suggest the presence of some levels of sensitivity to the degree of
wearing of the printer's membrane, since parts that could be printed with-
out problems of merging features could sometimes display the problem days
after the membrane was changed. This was usually solved by changing the
membrane, refocusing and resetting the printer. Since many factors could
have aﬀected the outcome, no solid conclusion can be drawn. A potential
relation with the ﬂow of the resin into the vat was discarded by testing wider
repositioning movements of the build plate so that the resin had more time
for a uniform distribution, and no relevant diﬀerence was noticed.
It is deﬁnitely one of the main factors impeding the fabrication of features
nearer to the resolution of the printer since it is because of it that while small
features can be printed in some areas of a sample, other identical features
result missing or merged in other areas. Once exactly identiﬁed the reason
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of the phenomenon, a solution will need to be found, either leveling out the
light distribution or doing whatever is required to physically even out the
curing distribution, maybe operating on the processing of the sliced images,
that might be somehow adjusted to the behaviour of the printer. In any
case, a precise description and understanding of the phenomenon is needed.
Holes
Little holes appeared on several of the printed samples. While the
scratches on the stage caused by the scratched surface of the glass at the
bottom of the vat were always present and occurred with little variability
between diﬀerent prints, these holes were not always present and their size
could signiﬁcantly change, although their position was generally stable.
During the ﬁrst part of the printing experimental activities, only the
round dot approximately in the middle sometimes occured, later the other
little hole, having more the shape of a crack (shown in ﬁgure 5.15), started
to appear.
They appeared both on microstructured surfaces and ﬂat surfaces, there-
fore no relation with the printed features was observed. A connection be-
tween their occurrence and the ﬂow of the resin in the vat was hypothesized
but the testing with wider repositioning movements of the build plate and
higher ﬁlling levels of the resin in the vat did not show any signiﬁcant eﬀect.
Ripples or bubbles on the membrane, or resin underneath the membrane
might cause something similar, but none of these were observed. The prob-
lem doesn't have an explanation yet, and further investigation is required
to solve it. Considered its obvious eﬀect on the quality of the printed parts
and its irregular manifestations, ﬁnding a solution is important in order to
make the process reliable and limit the wastes. The presence of these holes
can inﬂuence the wetting behaviour of the surface, since it deeply aﬀect its
topography.
Irregularly missing features
Some of the printed samples were discarded because of irregularly dis-
tributed missing features, as shown in ﬁgure 5.16. Samples printed with the
same parameters, one after the other, could display the problem or not, and
on certain days the occurrence was more frequent. Further investigation is
required to understand and solve the problem, that currently doesn't have
an explanation.
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Figure 5.14: Merged features appeared on a limited inner area of the mi-
crostructured surface (a), that grew bigger with increasing values of the
process parameters (b).
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Figure 5.15: A round hole in the middle and crack-like hole occured on some
of the parts, both on ﬂat surfaces (a) and microstructured surfaces (b).
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Figure 5.16: Samples presenting irregularly distributed missing features
needed to be reprinted. The problem was sometimes due to undeﬁned fac-
tors apparently randomly aﬀecting the printing. Sometimes it was caused
by cured parts attached to the vat or by resin under the membrane.
Similar ﬂaws were observed when pieces of the previously printed parts
stayed attached to the vat, or when some resin ﬂew underneath the mem-
brane, when this got broken. In those cases the curing of some areas of the
part was clearly hindered, and the solution was removing the attached cured
pieces or changing the broken membrane, respectively.
Bubbles
The appearance of big bubbles over the structured area of some sam-
ples was observed, and the cause was attributed to the damaged membrane,
that appeared broken in a spot outside the build area of the part. Similar
cuts seemed to aﬀect the overall tension of the membrane, promoting the
formations of air bubbles.
Fluctuations of the size of the bubbles were observed between diﬀerent
prints. Once the membrane was changed, the problem disappeared.
Set up, functioning and repeatability
As explained in this section, a number of elements, sometimes unex-
plained, aﬀected the quality of the printed parts and the functioning of the
printer. Sometimes process parameters that were found to work for a spe-
ciﬁc geometry did not work for that same geometry on a diﬀerent day, and
some level of diversity could be observed also between prints carried out one
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Figure 5.17: Bubbles of diﬀerent sizes appeared on the samples due to the
broken membrane.
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after the other. A lot of factors are involved in the process and can aﬀect its
outcome, so it is not always clear what inﬂuences what and how.
In order to limit the possible causes of variability and problems, it is im-
portant to assure that all the elements of the process that can be controlled
are kept as monitored and stable as possible.
Speciﬁcally, it was observed that:
• Resin always needs to be well mixed and uncontaminated. Since stay-
ing still in the vat promotes phases separation and contamination from
the environment, it seems good practice to collect it in the bottle af-
ter the daily usage, and shake it both with the dedicated device and
by hand before ﬁlling the vat. Old resin might also show diﬀerent
sensibility to process parameters.
• The machine needs to be periodically refocused. It is not always clear
to what extent a slightly out of focus projection can contribute to the
over discussed problem of merged features.
• The membrane needs to be periodically changed and checked. Small
cuts or bubbles may go unnoticed by touch, so it is sometimes necessary
to empty the vat and examine it. Sometimes pieces of cured layer may
stay attached to the vat, especially when the process gets stuck, and
since this can cause the following prints to gets stuck again or have
bad quality, a regular control of the vat is also important.
Some of the operations can be time consuming (emptying the vat, refocus-
ing the projector and changing the membrane) or quite expensive (changing
the membrane), so ﬁnding a way to monitor the need for them and ease
their actual execution (or even automate it) could beneﬁt the usability of
the printer and its industrial adaptiveness. Nonetheless it must be also
recognized that resetting and checking everything for each print is highly
impractical (at least at the current state), therefore some level of variability
must be accepted.
The importance of the overall setup of the machine was observed, and it
was also noticed the inﬂuence of the positioning of the origin of the building
plate during the process for the attachment of the parts, that sometimes
stuck to the bottom of the vat because of problems somehow related to it,
although it was not clear the speciﬁc reason of the problem.
The role of software and electronic controls on the general functioning
eﬃciency of the printer was also noticed, although not always understood,
since diﬀerent problems occurred regarding the slicing of the geometries, the
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completion of the process, and the congruence between what was set and
what was actually carried out by the printer (diﬀerent exposure times from
the selected ones were sometimes observed, resulting in parts printed not as
expected). In order to limit the waste and improve the process reliability
and repeatability, further analysis on all the problems is needed.
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Geometrical parameters
analysis
Once observed that microstructure-alone induced transition form hy-
drophilicity to hydrophobicity was achievable with pillared surfaces fabri-
cated on a scale within the capabilities of the DLP printer, the inﬂuence
of geometrical parameters of the features on the wetting behavior of the
substrate was investigated using a Design of Experiments approach in order
to:
• identify which speciﬁc combinations of the geometrical parameters were
associated with the highest hydrophobicity and which ones led to lower
contact angles;
• highlight which variables aﬀected the contact angle the most;
• gain some understanding on the wetting behaviour of the substrate at
this scale by interpreting the results.
6.1 Design of Experiments
Having identiﬁed a range for the parameters within which the microstruc-
tures could be printed without any missing or merged pillars, as mentioned
in the previous chapter, that range (60 µm ÷ 120 µm) was used for the
selection of a high value and a low value for all the independent variables,
that are, as deﬁned and illustrated in ﬁgure 6.1.
• the diameter of the pillars;
• the spacing between the pillars;
• the height of the pillars.
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Figure 6.1: Diameter, spacing and height of cylindrical pillars.
Values inside the above mentioned range were chosen as limits for the
experimental design evaluation, in order to avoid too extreme conﬁgurations,
corresponding to geometries with very low heights, or very big spacing, or
in general extreme ratios between geometrical parameters (that would still
have been printable), so that a two-level factorial design was generated using
the following values:
Parameter Low value [µm] High value [µm]
Diameter 68 105
Spacing 68 105
Height 72 108
In the following discussion, for sake of clarity and ease of expression, the
low and high values of the parameters will be indicated with lowercase and
capital letters, respectively, so that d=68 µm, D=105 µm, s=68 µm, S=105
µm, h=72 µm, and H=108 µm.
The chosen dependent variable was the static contact angle of the drop,
measured by the sessile drop method as described in the in chapter 4.
All the samples were designed as a 15 mm × 6 mm microstructured area
positioned over a 19 mm × 10 mm stage having a thickness of 1.6 mm, as
the model shown in ﬁgure 6.2.
Each one of the 23 = 8 treatment combinations was printed following
the procedure for the calibration of the process parameters as described in
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Figure 6.2: Geometrical model of a sample.
chapter 5. Once identiﬁed the acceptable process parameters, ﬁve samples
of the same geometry were printed, and the contact angles of two drops
positioned over the substrate were measured, so that ten measurements for
statistical signiﬁcance were taken for each combination.
6.2 Results
The results obtained through the tests are summarized in ﬁgure 6.3,
where the geometries are ordered starting from the highest contact angle to
the lowest.
From a ﬁrst analysis of the mean values, the best working conﬁguration
among the tried ones can be identiﬁed in D-s-H.
Since the ﬁrst four best working conﬁguration, that are the ones present-
ing a mean contact angle above 100◦, all share the low value for the spacing
(s), while the remaining four have the high one (S), the results indicate that
the distance between pillars play a key role on the wetting behaviour of the
surface.
It can also be noticed that among both the four geometries presenting
the highest contact angles and the other four, there is a trend that shows
how the geometries having the higher values for the height (H) display higher
contact angles than those with the lower (h).
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Figure 6.3: Contact angles exhibited by the diﬀerent geometries.
By comparing all the couples sharing the same parameters for spacing
and height but having diﬀerent diameters, it can be observed how all of
them, except the S-H ones, present a slightly higher contact angle with the
bigger diameter. Considered the exception, the similar mean values of the
contact angle within each couple, and the uncertainties of the measurements,
the diameter doesn't seem to have a strong and clear eﬀect on the wetting
behaviour, and although a larger number of tested samples could highlight a
possible relation, the eﬀect of the diameter seem negligible compared to the
ones of the spacing and the height.
According to the Wenzel model, as expressed in Equation 3.6,
cosθW = rcosθY
if a drop fully penetrates into the grooves of a rough surface so that
the liquid is in contact with the entire solid surface, the original intrinsic
hydrophobicity or hydrophilicity of the material of the substrate is enhanced
by means of the roughness factor r, so that if an apparent contact angle that
is smaller (greater) than 90◦ is measured on a ﬂat surface (Young contact
angle), the apparent contact angle measured on a rough surface is smaller
(greater).
Since all of the tested microstructures exhibited an apparent contact an-
gle greater than the one exhibited on ﬂat surfaces of the same material (
65◦ < 90◦), the drops on the microstructured surfaces could not be in a pure
Wenzel state.
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Figure 6.4: (a) Wenzel's state; (b) Cassie's state; (c) Mixed state [5].
On the other hand, if the drops were in a pure Cassie state, that is
achieved when the liquid cannot penetrate into the cavities of the rough sur-
face so that it sits over the peaks of the features and the air trapped between
them, according to the Cassie-Baxter model, as expressed in equation 3.8,
cosθCB = fScosθY − fV = fScosθY + fS − 1
the apparent contact angle should have increased with the spacing be-
tween the pillars, since the vapor fraction fV  of the solid-vapor heteroge-
neous substrate underneath the liquid should have increased with it, hence
decreasing the solid fraction fS of the interface (fV+fS=1).
The results indicate that this did not happen, since the geometries with
the bigger spacing displayed lower contact angles.
The liquid therefore partially penetrated into the cavities between the
pillars, wetting not only the top of the pillars but also a fraction of the solid
surface of their sides and of the spacing between them, so that an interme-
diate state between the Cassie's and the Wenzel's is achieved as expressed
by the extended Cassie-Baxter/Marmur model equation 3.9
cosθCB = rfScosθY − fV = rfScosθY + fS − 1
These diﬀerent wetting state are illustrated in ﬁgure 6.4.
If the main wetting models are accepted, the results need to be inter-
preted in light of what has been here discussed, hence focusing on how the
values of the parameters aﬀected the factors governing the phenomenon, that
are:
• the roughness ratio r;
• the solid fraction of the interfacial surface fS.
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Analysing the acquired data with Minitab, the signiﬁcance of the eﬀect
on the contact angle of the geometrical parameters and their interaction was
examined, obtaining the results shown in ﬁgure 6.5. The main eﬀects plot
can be seen in ﬁgure 6.6.
The statistically signiﬁcant eﬀects were given by the spacing and the
height factors, the spacing being the greater one.
Coherently with the observations on the mean values of the contact an-
gles for the diﬀerent combinations of the independent parameters, the ﬁtted
mean provided by Minitab for the low value of spacing is the highest mean
(110.003◦), while the mean for the high value is the lowest (90.51◦). This
conﬁrms the key role of the spacing between pillars.
Although the roughness ratio decreases with increasing spacing, the re-
sults suggest that bigger spacing promotes the penetration of the liquid into
the cavities between the features, therefore increasing the solid fraction of
the interfacial surface. It needs to be noticed though that fS must still be
smaller than 1, so that the eﬀect of r is however compensated to the point
that the product r × fS<1 and the resulting apparent angle is still higher
than the Young's angle. Conversly, smaller spacing seems to hinder the ﬂow
of the liquid over the solid substrate, hence limiting the wetting of the solid
and favouring air trapping,
Similarly, in agreement with the observations on the mean values of the
contact angles for the diﬀerent combinations of the independent parameters,
the ﬁtted mean provided by Minitab for the high value of height is the second
highest mean (104.831◦), while the mean for the low value is the second
lowest (90.51◦). This conﬁrms the key role of the height of the pillars.
As for the spacing, although the roughness ratio increases with increas-
ing height, the results suggest that smaller height promotes the penetration
of the liquid into the cavities between the features, therefore increasing the
solid fraction of the interfacial surface. Conversly, bigger height seems to
hinder the ﬂow of the liquid over the substrate, hence limiting the wetting
of the solid and favouring air trapping. Again, the above mentioned consid-
erations on the product r × fS<1 must apply.
Bigger spacing and smaller height seem to facilitate the penetration and
the spreading of the liquid between the pillars, causing a greater contact
between the liquid and the solid.
This result indicates that, even on the scale achieved by the printer, for
the geometries that were tested, higher roughness of the surface is associ-
ated with higher hydrophobicity because the structures manage to create air
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traps, therefore reducing fS despite the increasing r.
While the eﬀect of the other parameters did not prove to be statistically
signiﬁcant, mainly because their eﬀect is rather negligible compared to the
main ones of spacing and height, the examination of their inﬂuence on the
contact angle can still provide tools for evaluation and understanding of the
wetting behaviour of the tested geometries, since it however highlights the
average trends observed on the available samples, that could be conﬁrmed if
more subjects were tested.
Slightly higher contact angles were associated with bigger diameters. Al-
though the roughness increases with increasing diameters, the eﬀect of bigger
diameters can be interpreted as that of making the spacing comparatively
smaller (the ratio between spacing and diameter decreases), therefore en-
hancing the above discussed eﬀect of the smaller spacing, so that again the
ﬂow of the liquid over the substrate is hindered and a smaller fS is ob-
tained. The ratio between diameter and spacing may be more relevant than
the actual size of the diameter. The eﬀect is anyway light and not statisti-
cally signiﬁcant, so further analysis could highlight a clearer relation.
By observing the interaction plot in ﬁgure 6.7, it can be noticed that for
high values of spacing the contact angle is essentially not aﬀected by the
diameter, since the spacing has the greater eﬀect. For low values of spacing
the above described eﬀect of the diameter is instead observed (there is a
slight slope). For high values of the spacing, the role of the height is slightly
more important than it is when the spacing is small (the slope is slightly
higher). For low values of the diameter the inﬂuence of the height is slightly
more pronounced.
Although the relation between the parameters and the resulting apparent
contact angle cannot be assumed to be linear, it seems reasonable to expect
for other values of the parameters a behaviour coherent with the observed
trends. The results suggest that, while in the currently printable range
smaller features (diameters) size may not be crucial for higher contact angles,
the printer capabilities need to be improved so that relatively greater heights
and smaller spacing between the features can be achieved. As discussed in
the previous chapter, increasing problems of merging features were in fact
observed when printing less spaced, higher features.
6.3 Quality evaluation
As already explained, the features of all the printed samples displayed a
size range due to the irregular curing distribution. The dimensions chosen
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Figure 6.5: Normal plot of the Standardized eﬀects. Spacing and height are
the only signiﬁcant parameters.
Figure 6.6: Main eﬀects plot. Spacing and height have great inﬂuence.
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Figure 6.7: Interaction plot. Non parallel lines indicate an interaction, but
the interaction strength is very low (small slope diﬀerences) and not statis-
tically signiﬁcant.
for the geometrical parameters analysis allowed for the printing of complete
microstructured areas, so that no pillar was too small to the point of missing
or too big to the point of merging with the neighbouring pillars.
In order to evaluate the accuracy of the printing process for the diﬀer-
ent tested geometries, ideally all the features over the whole sample should
have been measured to have a complete representation of the dimensional
distribution. Considered the number of the pillars and their anatomy (pa-
rameters as the diameter changed along the height, and the exact top and
bottom were not always clearly deﬁned) such an analysis was not possible
with the available instruments. Identifying an eﬀective method to accom-
plish that task might be useful, or even necessary, for further developments
in similar applications.
Considered though the state of the application and the scope of this work,
a simpler and more limited analysis was deemed suﬃcient to acquire an indi-
cation of how much the features resembled the nominal geometries and how
much sizes changed over the structured area, so that the level of variability
of the printing process over the surface of a part could be evaluated.
The selected method followed the procedure here described:
• For each geometry, samples were observed with Alicona InﬁniteFocus,
and regions displaying bigger and smaller features were identiﬁed in
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the inner area and in the outer area respectively, following the already
mentioned distribution highlighted on parts having merged features.
• One scan per region (i.e. one for the biggest features and one for the
smallest) was taken, trying for consistency to select the same region
on the diﬀerent samples. Representations as the ones shown in ﬁgure
6.8 were obtained, where the anatomy of the pillars can be observed.
Comparing the renderings, it is evident how the size of the diameters
varied both between regions and along the height of the pillars.
• Using the software SPIP, the proﬁles of ﬁve pillars per region were ac-
quired, as the ones shown in ﬁgure 6.8. The proﬁle images highlighted
even more the diﬀerences between the pillars, as can be qualitatively
noticed just by observing them. Depending on the geometries the dif-
ferences were more or less pronounced, and to have a quantitative in-
formation, the proﬁles were measured using the software ImageJ. The
signiﬁcant selected parameters for the geometrical accuracy description
were:
 height;
 upper diameter (at the top of the pillar);
 lower diameter(at the basis of the pillar);
 upper spacing (at the top of the pillar);
 lower spacing (at the basis of the pillar).
• All of the measurements were used for comparison between the nominal
dimensions of the features and the actual measured dimensions, as
shown in in the graph in ﬁgure 6.9, where the dimensions associated
with the bigger features of the part (Max) and with the smaller features
(Min) are put next to the nominal dimension for each parameter.
The renderings and the results of the qualitative and quantitative anal-
ysis for all the tested geometries are reported in the Appendix.
In general, varied diﬀerences depending on the geometries were observed,
with the overall tendency of having bigger sizes of the pillars in the inner
regions, and therefore smaller spacing. The diameters were noticed to de-
crease from the bigger lower layers to the smaller upper layers, usually more
notably in the outer regions, and because of this the spacing was seen to be
generally greater than expected, especially in those areas. It is reasonable
to assume that most of the diﬀerences were already present just after the
printing, but it needs to be considered that also cleaning, post-curing and
overall post-processing may have had an inﬂuence on them. Further analysis
is required to identify any relation.
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To evaluate how the diﬀerent geometries were manufactured and more
easily observe both where the printer manged to replicate better the designed
geometries and where its limitations were more clearly exhibited, the results
of the measurements were normalized to the nominal dimensions, so that the
accuracy for each of the parameter could be compared. Parameters having a
ratio of actual size to nominal size close to 1 were accurately printed, while
diﬀerent ratios indicate the features being greater (>1) or smaller (<1) than
the nominal. In the graphs reported in these pages, the geometries are or-
dered from the most hydrophobic (on the left) to the most hydrophilic (on
the right), in order to facilitate eventual identiﬁcations of correlations be-
tween accuracy, functionality and variability of the microstructure.
The normalized results will be here illustrated and discussed. Since the
results cannot provide a complete and precise description of the actual distri-
bution of dimensions, but only an indication of the trends and the magnitude
of the dimensions, for ease of reading and low relevance (diﬀerent deviations
would have been found measuring other pillars of the same areas or other
samples), the uncertainities were omitted in these graphs (the calculated
non-normalized ones can be found in the appendix for each geometry) and
only the mean value will be shown.
Observing ﬁgure 6.10, a generally good accuracy for the heights was
noticed (if compared with the one of the other parameters). The most hy-
drophobic geometries were also the most accurately printed, and in general it
was evident that greater heights (H) were better and more uniformly printed
than the smaller ones (h). Smaller diameters seemed to promote relatively
wider dimensional ranges and therefore less uniformity The relatively widest
range for the height was observed for the d-S-h geometry, followed by d-s-h.
Spacing did not seem to have a great inﬂuence on the height accuracy. Only
the smallest features in the d-S-h geometry were smaller than the nominal,
therefore a tendency of the printer to print features higher than it should
was noticed. For the measurement of the heights, the average point halfway
between the pillars was used as a reference, and since the printer is able to
accurately print ﬂat stages for support, an error on the reference for the mea-
surement is not suspected. Nonetheless, the diﬃculty in rigorously deﬁning
the geometrical limits of the analyzed parameters needs to be considered
when evaluating these results, and no known accuracy evaluation method
seem to avoid this problem, since similar assumptions always need to be
made.
Observing ﬁgure 6.11, an overall lower accuracy was noticed for the lower
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diameters, that for all the geometries are aﬀected by a signiﬁcant irregularity
between the inner areas and the outer areas. All of the outer lower diameters
are smaller than the nominal ones, while the inner ones are generally close
to the nominal value or bigger.
As shown in ﬁgure 6.12, the trend observed for the lower diameters was
also seen for the upper ones, that appeared to be even more signiﬁcantly
smaller than the nominal (no geometry reached or exceeded the nominal)
with even wider normalized diﬀerences. Geometries having smaller spacing
displayed greater variability between the inner and the outer areas, while
the geometries having larger spacing (with the only exception of d-S-h) had
a more even distribution of dimensions.
For the analysis of the spacing, shown in ﬁgures 6.13 and 6.14, the bigger
values (Max) were associated with the outer regions, while the smaller values
(Min) with the inner regions, since the spacing was inversely proportional to
the size of the diameters.
On the whole, the observed trend was having a smaller spacing than the
nominal for the inner regions, where the diameters were bigger than the nom-
inal, and conversely bigger spacing than the nominal for the outer regions,
where those diameters were smaller. Smaller spaced geometries displayed
wider variability, with the biggest spacing being more pronounced. All of
the upper spacing measurements showed bigger spacing than the nominal,
since the upper diameters were signiﬁcantly smaller, and again the small
spaced geometries were observed to have relatively greater variability be-
tween regions.
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(a) (b)
(c) (d)
(e)
(f)
Figure 6.8: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry D-s-H).
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Figure 6.9: Geometrical parameters measurments and comparison with nom-
inal values (geometry D-s-H).
Figure 6.10: Height measurements: actual measurements normalized to nom-
inal values.
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Figure 6.11: Lower diameter measurements: actual measurements normal-
ized to nominal values.
Figure 6.12: Upper diameter measurements: actual measurements normal-
ized to nominal values.
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Figure 6.13: Lower spacing measurements: actual measurements normalized
to nominal values.
Figure 6.14: Upper spacing measurements: actual measurements normalized
to nominal values.
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Further design comparisons
and evaluations
Considering the results of the preliminary activities and the geometrical
parameters analysis, the feasibility of achieving hydrophobicity from micro-
scale structures printed within the limits of 212-DLP HD machine was ob-
served, sometimes reaching contact angles up to the range of 120◦, although
with low repeatability.
In order to evaluate how the wetting behaviour was aﬀected by variations
of the geometry of the microstructures, and possibly identify viable solutions
to achieve higher hydrophobicity, diﬀerent designs approaches were tested,
using the best identiﬁed combination of geometrical parameters for the round
pillars as a benchmark. Adopting this approach, other pillared surfaces were
designed and printed, starting from the dimensions of the parameters from
the geometry that displayed the highest contact angle among the ones tested
in the DOE, since they were the best known and most tested designs. For all
the designs used for the comparisons, the D-s-H geometry (that corresponds
to round pillars having diameter=105 µm, spacing= 68 µm and height=108
µm) was therefore used as a basis for the respective modiﬁcations.
Overall, the results did not indicate room for improvement with the se-
lected approaches, and although diﬀerent geometries can certainly be tested,
other developments seem to be required in order to achieve levels of func-
tionality potentially suitable for real applications, as brieﬂy discussed in the
last section.
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Figure 7.1: Contact angles exhibited by the geometries tested for further
comparison.
7.1 Diﬀerent tested geometries
As discussed in chapter 2, diﬀerent designs for the microstructures are
reported in literature, involving pillars with various aspect ratios, shapes,
distributions and morphologies. In order to observe how variations on the
geometry of the pillars aﬀected the substrate's wetting behaviour with pil-
lars printed in the achievable size, that is clearly bigger than what usually
adopted with other technologies, the geometries discussed in this section
were tested.
As for the DOE, ﬁve samples for each geometry were printed for the
analysis, once identiﬁed some viable process parameters. The contact angles
of two drops of water per sample were measured with the already illustrated
methods, so that ten measurements were associated to the contact angle of
each geometry for statistical signiﬁcance.
The results are reported in ﬁgure 7.1.
None of the tested geometries showed consistently higher hydrophobicity
than the D-s-H geometry, but some evaluations of the wetting phenomenon
could be formulated based on the outcome.
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Square
Square-based pillars had already been tried during the ﬁrst part of the
experimental activity with varied results. It was observed that for smaller
dimensions of the side of the pillars, the shape of the section tended to be
less deﬁned, resembling the one of a circle. Due to the generally higher ratio
between the area covered by features and the area covered by the spacing
between them, square pillars were more subjected to the problem of merg-
ing features than the round pillar and, because of this, lower values of the
process parameters were used, causing square pillars to be relatively smaller
than the round pillars and therefore more spaced. With pillars as big as the
ones used for this test (side=105 µm, as the diameter for D-s-H), the printer
was able to satisfactorily replicate the square shape, as shown in ﬁgure 7.3.
The resulting contact angle (108 ± 3◦) was lower than one from D-s-H,
therefore the shape of the pillars displayed an eﬀect on the wetting behaviour,
although the result was presumably aﬀected also by the relatively increased
spacing. Other shapes might be investigated to identify better solutions.
60◦ distribution
Round pillars having the same diameter, height and spacing of the D-h-S
geometry were designed choosing a 60◦ angle between each row instead of
the usual 90◦, so that a honeycomb-like distribution was achieved instead of
a reticular grid, as shown in ﬁgure 7.4. This way a denser distribution was
obtained, since the ratio between the area covered by features and the area
covered by the spacing between them was higher. As for the square pillars,
this caused the spacing between pillars to be relatively bigger, presumably
negatively aﬀecting the contact angle.
The resulting contact angle (89 ± 3◦) was signiﬁcantly lower than the
one from D-s-H, reaching the point of transition from hydrophobic to hy-
drophilic. The orientation of the rows of the pillars and their distribution
has therefore an inﬂuence on the measured contact angle, that would need
further investigations. A possible explanation of this result might be that
with pillars this big, the contact angle exhibited by a drop of water deposited
over the surface may not be the same from all the points of view (for consis-
tency, all the contact angles were measured from the same position for each
sample).
Re-entrant structures
Since liquid-repellent surfaces often use re-entrant structures to achieve
higher contact angles, especially with low surface energy liquids, a mushroom-
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like structure was tested, using a 50µm diameter for the supporting pillar,
while keeping a round top surface equal to the one in the D-s-H geometry (as
shown in ﬁgure 7.5). The necessity to use rather high values for the process
parameters in order to print the structures was noticed, since the smaller
features of the ﬁrst layers did not attached. With the available means it was
not possible to evaluate the level of accuracy for the lower diameters (not
visible with Alicona InﬁniteFocus or the microscope), therefore the actual
anatomy of the pillars could have been less deﬁned and more truncated con-
ical.
The resulting contact angle (115 ± 3◦) was the same of the D-s-H ge-
ometry, and it was therefore observed that the geometrical variations had
essentially no inﬂuence on the wetting behaviour. Since the structures are
expected to achieve a Cassie state to beneﬁt from these solution, the observed
behaviour can be attributed to the fact that for the tested geometries the
liquid partially penetrated between the features (as discussed in the previous
chapter), achieving an intermediate state betweenWenzel's and Cassie's, pre-
sumably with approximately the same solid fraction of the interfacial surface
as the D-s-H geometry.
Hierarchical structures
Several geometries reported in literature, as the original biological inspi-
rations, involve hierarchical structures displaying nano-features overlayed on
micro-scale features, so that diﬀerent levels of roughness are created. In or-
der to test how increased roughness of the features on a smaller scale would
have aﬀected the wetting behaviour of the substrate, the solution shown in
ﬁgure 7.6 was tested. Three bumps having a diameter of 45 µm were posi-
tioned over the pillars from the D-s-H geometry. The hemispheric shape was
chosen in order to give gradual support for the smallest features on the last
layers, since the tendency of the printer to print smaller on the upper layers
of the features was observed (and also conﬁrmed with the geometry for the
DOE, as discussed in the previous chapter), to the point of not printing fea-
tures that are already near the limit of the printer capacity. High accuracy
for the smallest features was not expected, since their goal was essentially
increasing the overall roughness of the structure.
The resulting contact angle (112 ± 2◦) was lower than the one from the
original D-s-H geometry. This could be interpreted, accepting the conven-
tional wetting models, assuming that the smaller features, as printed, were
not able to create air pockets and therefore decreased the solid fraction of
the interfacial surface “f ′′S . On the contrary the roughness ratio r was in-
creased by them, leading to same pure Wenzel state wetting on the top of
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Figure 7.2: The small scale structures at the top of pillars can be in a pure
Wenzel's state (a), instead of a Cassie's state (b) [19].
the features, as schematized in ﬁgure 7.2, hence decreasing the contact angle.
7.2 Possible developments
The results from the experimental activities indicated that microstructure-
alone induced transition from hydrophilicity to hydrophobicity is achievable
with a pillared surface manufactured on dimensions within the printer's ca-
pabilities.
Further attempts to improve the results obtained during the DOE by
modifying the design of the best working combination of the pillars' geo-
metrical parameters did not reveal potential directions to explore for higher
hydrophobicity.
While other geometries could surely be designed and tested, the achieve-
ment of actually functional non-wetting structured surfaces relevant for real
applications needing higher contact angles, seems to require an upgrading of
the machine, or at least some changes in the approach, that could involve
other variables such as the material's surface tension and the overall result-
ing roughness.
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(a)
(b)
(c)
Figure 7.3: Square: (a) Geometrical model; (b) Contact angle = 108 ± 3◦;
(c) Alicona scan (top view).
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(a)
(b)
(c)
Figure 7.4: 60◦ distribution: (a) Geometrical model; (b) Contact angle =
89± 3◦; (c) Alicona scan (top view).
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(a)
(b)
(c)
Figure 7.5: Re-entrant structures: (a) Geometrical model; (b) Contact angle
= (115± 3◦; (c) Alicona scan (top view).
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(a)
(b)
(c)
Figure 7.6: Hierarchical structures: (a) Geometrical model; (b) Contact
angle = 112± 2◦; (c) Alicona scan (top view).
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The DOE indicated the relevance of the spacing and the height of the
features for hydrophobicity, and currently what prevents from fabricating
smaller spaced and higher pillars is mainly the already discussed problem of
irregularly distributed curing, that causes the central features to merge and
is emphasized exactly by smaller spacing and greater height. Working on
the solution of that problem, or at least on decreasing its eﬀects, may allow
for the printing of more hydrophobic microstructures.
The implementation of lenses with smaller magniﬁcations, once properly
calibrated the printer and possibly solved the mentioned problem of occur-
ring dots on the parts (that would cover a signiﬁcant fraction of the already
very small build area), should enable the fabrication of smaller features.
The x 0.5 lens, considered the nominal 3.77 µm resolution on the horizon-
tal plane, should theoretically already provide the means to print features
half the size of the currently used x 1 lens, and although it may still not be
enough to reach super-hydrophobicity, a relevant improvement is expectable.
Although the application of additive manufacturing methods for the fab-
rication of functional non-wetting surfaces is still not extensively explored,
recent successful cases are reported in literature.
Speciﬁcally, micro-scale artiﬁcial hairs with eggbeater heads inspired by
Salvinia molesta leaf were fabricated by Immersed suface accumulation 3D
printing, adding carbon nanotubes to the UV-curable resin. Because of this
operation on the material, the mechanical strength of the features was im-
proved and, more importantly, higher surface roughness was achieved there-
fore reaching super-hydrophobic behaviours with contact angles up to 170◦
[20].
Moreover, stable superhydrophobic and oleophobic pillared surfaces, with
contact angles around 170◦ and 120◦ respectively, were fabricated by stere-
olithography applied to a speciﬁcally designed photocurable resin formulated
by blending multifunctional (meth)acrylates perﬂuoropolyethers oligomers
with photoinitiator and visible dyes tuned to tailor the resin sensitivities
[21]. Since PFPEs are a class of ﬂuoropolymers characterized by low surface
tension and therefore widely used as coating materials, this solution operated
directly on the surface tension of the material, hence aﬀecting its wettability.
The dimensions of the features from these examples seem near to the
current capabilities of 212-DLP HD, although the printability of so modiﬁed
materials would obviously need to be veriﬁed.
These examples could inspire new solutions that, combined with the in-
herent advantages of the DLP vat-photopolymerization technology such as
the higher printing speed, may generate valid developments of additive man-
ufacturing based industrially adaptive process chains for the fabrication of
functional surfaces.
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Conclusions
This work investigated current limits and potentialities in the fabrication
of hydrophobic microstructured surfaces by means of Digital Light Process-
ing vat photopolymerization additive manufacturing.
In order to observe and assess the printer's capabilities and the functional
eﬀectiveness of the obtainable designs, an empirical approach was adopted.
Diﬀerent pillar-based geometries were tested and the outcomes were evalu-
ated in terms of quality of the printed features and resulting static water
contact angle.
Although the printer is still not able, as other conventional methods,
to fabricate features as small as the ones required for super-hydrophobicity,
ﬁrst experimental activities indicated that microstructure-alone transition
from hydrophilicity to hydrophobicity can be achieved by pillared structured
surfaces manufactured in sizes within the machine's limitations.
Because of the irregular curing distribution over the build area, features
dimensions were observed to vary based on their position on the surface,
to the point of being merged or missing depending on their dimensions and
the values of the process parameters. The wetting behaviour of geometries
presenting diﬀerent levels of the problem was examined: completely merged
features displayed higher hydrophilicity than ﬂat surfaces, presumably estab-
lishing aWenzel's wetting state; partially merged features generally displayed
slight hydrophilicity (although cases of hydrophobicity were also observed);
microstructures printed without merging or missing features displayed dif-
ferent levels of hydrophobicity.
Considered the higher hydrophobicity of the latter, and their better con-
gruence with the designed geometries, the inﬂuence of pillars' geometrical
parameters (diameter, height and spacing) on the wetting behaviour was
investigated by Design of Experiments, using dimensional values within a
range that was seen to be printable without missing or merged features. Do-
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ing so, the signiﬁcance of height and spacing was proved and evaluated, with
results suggesting that greater values of height and smaller values of spacing
should promote higher hydrophobicity. Speciﬁcally, the obtained contact an-
gle was 115±3◦ for the best working combination of parameters and 84±5◦
for the worst. The latter transitioned back to hydrophilicity, although main-
taining a contact angle greater than the one displayed by ﬂat surfaces. A
discussion of those results based on the main wetting models was proposed,
highlighting how adopting smaller spacing and greater heights, despite in-
creasing the roughness ratio, plays a key role in promoting air trapping and
thus decreasing the solid fraction of the interfacial surface and providing
higher hydrophobicity. The quality analysis carried out on the samples for
the diﬀerent geometries quantiﬁed the accuracy of the process, evaluating
for each microstructure how much the sizes varied because of the irregular
curing distribution. An overall better accuracy for the height, specially for
bigger heights, was observed compared to the one for the other parameters,
and more diﬃculties in replicating the nominal geometries were noticed for
smaller spacing.
Further design possibilities were tested in order to identify potential di-
rections to explore for greater contact angles. The best working combina-
tion of parameters from the DOE was used as a benchmark and modiﬁed in
terms of shape (square), distribution (60◦), and structure (hierarchical and
re-entrant). The inﬂuence of those modiﬁcations was assessed, and none of
them provided improvements on the tested scale.
All the analyzed drops, even the ones displaying the highest contact an-
gles, were observed not to slide over the microstructured surface and not
to roll oﬀ when the samples were tilted. Since water partially penetrated
between pillars, high adhesive force was generated, causing this behaviour
resembling the petal eﬀect, that indicates how currently the static contact
angle is too low and the adhesion too high to achieve self-cleaning properties.
On the whole, the analyzed DLP vat photopolymerization process, being
simpler and less time consuming than conventional methods for the fabri-
cation of hydrophobic surfaces, holds potential for the development of in-
dustrially adaptive process chains. Nonetheless, in order to achieve levels
of functionality suitable for actual applications, progress from the current
state is required. Diﬀerent strategies, such as implementing diﬀerent mate-
rials for more eﬀective roughness or surface tensions, can be explored. Once
improved the DLP machine, by solving or at least reducing problems as the
ones pointed out in this work, and by eliminating other sources of error to
achieve features sizes closer to the nominal resolution of the lenses, further
developments will be possible.
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(a)
(b)
Figure 1: D-s-H: (a) Contact angle = 115± 3◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 2: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry D-s-H).
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(a)
(b)
Figure 3: d-s-H: (a) Contact angle = 112±2.6◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 4: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry d-s-H).
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(a)
(b)
Figure 5: D-s-h: (a) Contact angle = 109±2.6◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 6: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry D-s-h).
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(a)
(b)
Figure 7: d-s-h: (a) Contact angle = 104±1.9◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 8: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry d-s-h).
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(a)
(b)
Figure 9: d-S-H: (a) Contact angle = 97± 4.9◦; (a) Geometrical parameters
measurements.
96
(a) (b)
(c) (d)
(e)
(f)
Figure 10: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry d-S-H).
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(a)
(b)
Figure 11: D-S-H: (a) Contact angle = 95±4.5◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 12: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry D-S-H).
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(a)
(b)
Figure 13: D-S-h: (a) Contact angle = 86± 4◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 14: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry D-S-h).
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(a)
(b)
Figure 15: d-S-h: (a) Contact angle = 84±5.3◦; (a) Geometrical parameters
measurements.
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(a) (b)
(c) (d)
(e)
(f)
Figure 16: (a) Front/Right view of an inner area; (b) Top view of an inner
area; (c) Front/Right view of an outer area; (d) Top view of an outer area;
(e) Pillars proﬁle from an inner area; (f) Pillars proﬁle from an outer area
(geometry d-S-h).
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Figure 17: 212-DLP HD technical speciﬁcations.
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